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SUMMARY 


A  long-term  goal  of  the  Air  Force  is  to  Develop  high-performance  gas  turbine  engines  with 
combustors  that  operate  at  near-stoichiometric  conditions,  bum  broad -specification  fuels,  have  low 
maintenance  and  high  durability,  and  result  in  a  low— observable  engine  exhaust  plume.  It  was  recognized 
that  to  achieve  these  goals  the  capabilities  of  current  combustor  design  systems  would  be  severely  strained 
in  many  respects.  To  address  the  concerns  associated  with  this,  in  1 987  the  U.S.  Air  Force  established  the 
Combustor  DesUgn  EvaluaUor s  (CDMEJ)  program,  with  the  intent  of  improving  physical  modeling  to 

facilitate  design  work.  Under  the  CDME  effort  a  joint  industry/Govemment  laboratory/university  research 
program  was  initiated  to  address  combustion  stability  associated  with  lean  blowout  (LBO). 

To  perform  this  task,  a  program  was  formulated  that  divided  the  LBO  problem  into  two  distinct  parts  by 
separating  the  effects  of  liquid  fuel  atomization  and  spray  evaporation  from  the  aerothermochemical  effects, 
and  addressing  the  aerothermochemical  effects  on  LBO  first.  This  was  achieved  by  operating  initially  with 
gaseous  propane  as  the  primary  fuel;  gaseous  methane  was  a  secondary  fuel. 

The  aerothermochemical  aspects  of  LBO  were  investigated  by  a  joint  mathematical  modeling  portion 
and  a  simultaneous  and  complimentary  experimental  portion.  The  modeling  portion  involved  conventional 
phenomenological,  computational  fluid  dynamics,  and  well-stirred  reactor  network  approaches.  The 
experimental  portion  utilized  three  combustors;  these  combustors  began  with  a  very  simple  configuration 
and  progressively  increased  in  complexity  and  realism  to  a  gas  turbine  generic  combustor. 

Flame  stability  in  the  primary  zone  of  gas  turbine  combustors  is  achieved  by  means  of  recirculation.  In 
an  annular  combustor  configuration,  recirculation  between  adjacent  fuel  injector  modules  plays  an 
important  role  in  LBO.  The  program  therefore  involves  detailed  studies  of  the  major  primary  zone  flow 
features,  and  especially  concentrated  on  the  recirculating  flow.  It  was  shown  that  flame- lift  and 
subsequent  flame  blowout  were  controlled  in  this  context  by  the  recirculating  flow  and  the  local 
stoichiometry  set  up  by  the  fuel  injector. 

The  physical  modeling  used  for  simulating  the  combustion  process  in  the  CFD  studies  was  found  to  be 
inadequate  to  calculate  the  blowout  sequence,  although  flame-lift  was  calculated.  The  experimental 
evidence  suggested  that  nonstationary  behavior  of  the  mean  flow  field  influenced  the  fuel/air  mixing  in  away 
unaccounted  for  in  the  stationary-state  CFE.  This  was  true  for  both  the  simplest  of  the  combustors  and  the 
generic  combustor.  Phenomenological  modeling  proved  useful  for  data  correlation  purposes,  but  could  not 
represent  the  flame- lift  satisfactorily. 

A  hybrid  modeling  approach  was  devised  that  is  suitable  for  engineering -quality  calculations  of  LBO 
in  real  combustors.  In  this  hybrid  procedure,  the  LBO  process  was  modeled  in  the  generic  combustor  by 
representing  it,  from  a  process  point  of  view,  as  a  simple,  8 -element  network  of  plug -flow  and  well -stirred 
reactors.  The  network  connectivity,  reactor  type  and  reactor  size  were  determined  from  isothermal  CFD 
calculations,  using  techniques  established  during  the  component  studies.  The  detailed  chemistry  was  then 
solved  on  the  network,  uncoupled  from  the  fluid  dynamics.  This  hybrid  procedure  provided  successful 
calculations  of  the  pressure  and  primary  zone  total  airflow  effects  on  LBO,  the  effects  of  variation  in  the 
combustor  dome  airflow,  the  influence  of  combustor  loading  on  the  lean  stability  characteristics,  and  the 
effects  of  fuel  type. 
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These  studies  have  provided  a  valuable  contribution  to  the  understanding  of  lean  stabile  in  gas 
turbine  combustors,  and  have  also  sounded  a  timely  warning  on  the  application  of  stationary— state 
mathematical  modeling  to  combustion  in  turbulent,  recirculating  flows.  Phenomenological  modeling  was 
produced  for  the  correlation  of  LBO  experimental  data.  In  addition,  a  simple,  inexpensive  and  convenient 
experimental  technique  for  simulating  subatmospheric  pressures  by  introduction  of  excess  nitrogen,  has 
been  verified.  A  calculation  procedure  was  devised  that  successfully  calculates  the  influence  of  many  of  the 
relevant  parameters  on  lean  blowout.  The  research  described  above  has  led  to  presentation  of  1 2  technical 
society  papers,  of  which  7  were  subsequently  archival  journal  publications;  3  additional  papers  were 
incorporated  in  symposia  proceedings.  In  addition,  two  master’s  theses  (Brigham  Young  University) 
resulted  from  this  work. 

The  final  report  describes  the  experimental  and  model  results, and  gives  conclusions  for  all  of  the  work 
performed  on  this  contract. 
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The  U.S.  Government’s  Integrated  High  P^siosmme®  Turfolm  Englm  Technology  (IHPTET) 
Initiative  is  aimed  at  taking  engine  technology  well  beyond  that  seen  in  the  Advanced  Tactical  Fighter  (ATF) 
with  its  P&W  F1 1 9  engine.  For  fighter/attack  applications  the  goals,  relative  to  current  engines,  are  to  double 
thrust/weight  ratio  together  with  a  halving  of  specific  fuel  consumption;  for  subsonic  transport  applications 
the  goal  is  a  30  percent  decrease  in  specific  fuel  consumption.  The  payoffs  resulting  from  satisfaction  of 
these  goals  are  seen  as: 

•  Sustained  Mach  3+  cruise  capability  in  an  F- 15  size  aircraft 
«  1 00  percent  range/loiter/payload  increase  in  an  F- 1 4  size  aircraft 
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design  points,  depending  on  the  intended  application,  ®.g.,  take-off  (military  power),  plus  a  supersonic, 
medium  altitude  High!  condition  (either  maximum  afterburner  or  supercruise),  or,  ©missions  points.  The 
combustion  system  has  to  achieve  this  performance  while  fitting  in  a  spatial  envelop©  that  itself  imposes 
certain  design  layout  constraints,  ®.g.,  accommodation  of  aircraft  bleeds,  intrusion  of  bearinq 


throttle-bend)  without  major  changes. 

Many  of  the  combustor  design  requirements  describee 
design  will  entail  a  series  of  optimized  compromises  in  order  t< 
to  produce  the  initial  design  Is  historically  founded  on  two  irr 

'  together.  The 

the  combustion  chamber  in  order  to  satisfy  a  design  requirerm 
for  all  parts  of  the  system,  that  ar©  based  on  hard,  practical 
dteSees  to  be  mad©  for  the  majority  of  the  critical  dimensions. 


order  to  meet  them. 


the  developed 
:em  that  is  used 


nt  Th©  design  practices  are  a  series  of  rules 
experience,  and  which  govern  areepftable 
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The  design  system  described  results  in  a  preiimliniasy  design,  which  then  requires  development 
testing  in  order  to  simultaneously  meet  all  the  goals.  The  development  testing  these  days  will  include  some 
analysis/simulation  by  computational  fluid  dynamic  (CFD)  methods,  but  will  involve  extensive  rig  and 
experimental  engine  testing  that  is  both  expensive  and  time  consuming.  Any  simulation  that  is  carried  out 
involves  the  preliminary  design  produced  by  the  design  system,  i.e.,  the  CFD  itself  does  not  contribute 
directly  to  establishing  the  preliminary  design. 

The  strengths  and  weaknesses  of  data-base  methods  are  given  in  Table  1  -2.  The  most  serious 
deficiencies  are  that  they  are  nonpredictive,  and  handle  novel  solutions  very  poorly.  If,  when  experimentally 
tested,  the  combustor  does  not  satisfy  any  of  the  design  requirements,  nonpredictive  data-base  methods 
do  not  provide  the  reasons  for  the  failure.  The  potentials  offered  by  CFD  (but  not  currently  delivered)  are 
those  of  prediction  and  extrapolation. 


Table  1  -2.  Date-Base  Design  Methods  j 

Strengths 

W@ata@sses 

®  simple  to  understand 

•  Easy  to  use 

•  Good  record  of  success 

•  basic  theory  gets  forgotten 
®  “Blind"  us©  is  dangerous 

®  Interpolation  rapidly  becomes 
extrapolation 

®  Data-base  expensive  to  update 
®  Handies  novel  situations  poorly 

•  Nonpredictive 

Use  of  data-base  design  systems  for  combustion  components  in  engines  intended  to  satisfy 
IHPTET  goals  really  exposes  the  weaknesses  inherent  in  the  system.  Recognizing  these  difficulties  the  U.S. 
Air  Force  in  1987  established  the  Combustion  Design  fttocfej  Evaluation  (CDME)  program,  with  the  goal 
of  improving  physical  modeling  to  facilitate  design  work.  The  intent  of  the  CDME  program  was  originally  to 
develop  advanced  diagnostic  techniques  and  to  establish  a  technology  base  for  the  ©valuation  of 
combustion  models.  Later,  these  intents  were  extended  to  include  improvement  of  the  available  physical 
modeling  such  that  engineering -tool  CFD  computer  codes  could  be  upgraded  to  advance  the  design 
methodology  of  advanced  combustors  in  a  comprehensive  fashion. 

1 .2  Specific  Problem 


There  are  many  areas  of  physical  modeling  related  to  gas  turbine  combustion  that  require 
improvement.  Prioritization  is  therefore  needed.  Fortunately,  there  are  some  models  that  naturally  stand  out 
in  importance.  Stability  modeling  is  one  of  these.  Of  all  the  combustor  design  requirements  that  must  be 

satisfied  combustor  stability  is  considered  to  be  one  of  the  most  important  since  it  directly  concerns  aircraft 

safety. 


The  stability  of  a  combustor  has  great  relevance  with  respect  to  the  operating  envelop©  required  of  an 
engine.  Figure  1  -3  shows  an  example  of  an  operating  envelope  a,  b,  c,  d  and  e,  in  terms  of  aircraft  flight 
Mach  Number  and  flight  altitude.  Displayed  over  the  envelope  are  a  number  of  conditions  which,  taken 
together,  define  in  this  instance,  relighting  capability.  Some  limits  are  set  by  the  engine  and  its  subsystems 
and  not  directly  by  the  combustor  stability  characteristics.  For  example,  such  limits  include  the  minimum 
engine  speed  (based  on  the  windmilling  drag  of  the  engine)  at  which  the  fuel  pumps  will  supply  the 
minimum  fuel  flow  rate.  Also  shown  are  enrichment  needs  due  to  excess  airflow  relative  to  the  normal 
minimum  fuel  flow  rates,  and  to  provide  adequate  engine  acceleration.  In  addition,  for  this  particular  engine 
ere  is  a  fuel  atomization  limit  (due  to  use  of  an  airblast-atomization  fuel  injector).  Heat  loss  limits  for  a 
cold  soak  combustor  are  indicated.  Finally,  there  is  a  true  combustor  stability  limit,  indicated  by  the  line  c  - 
c.  Note  that  this  latter  limit  has  the  text-book  form  of  a  stability  loop,  but  is  oriented  according  to  the 
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Figure  1  -4.  LBO  Characteristics  for  T\wo  Combustors,  Showing  Design -Specific  Nature 

It  is  the  task  of  the  combustion  engineer  to  design  a  combustor  that  will  be  stab!©  for  all  required  flight 
operating  conditions.  With  that,  all  engine  steady-state  operating  points  should  lie  inside  an  envelop© 
defined  by  the  combustor  loading  and  the  rich/lean  fuel/air  ranges  within  which  combustion  can  b© 
sustained.  This  envelope  should  be  extensive  enough  to  encompass  the  under-  and  over-shoots 
associated  with  the  different  response  rates  to  throttle  movements,  of  the  fuel  system  and  the  rotating 
machinery;  adequate  allowance  for  safety  margins  should  also  be  included.  Figure  1  -5  illustrates  this 
behavior. 
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Th©  difficult  and  important  design  task  described  is  being  made  more  difficult  by  the  engine  design 
trends  under  MH1PTET.  For  a  single  example,  in  a  simple  system  high  temperature  rise  combustors  are 
incompatible  with  th©  military  need  for  smokeless  engine  exhausts  (low  observables) ,  and  compromises  to 
alleviate  this  adversely  impact  stability  margins  for  tad  system  combustors  [1 .]. 

Published  material  on  stability  that  is  available  to  assist  th®  designer  is  very  limited.  The  majority  of  the 
relevant  published  material  on  flam©  stability  is  for  bluff-body  femeholders  of  various  types,  or  is  for 
well -stirred  reactors,  as  reviewed  by  Lefebvr©  [2.].  The  quality  of  experimental  data  published  in  the  open 
literature  for  practical  gas  turbine  combustors  is  much  less  extensive,  and  systematic  investigations  are 
largely  Sacking,  although  some  such  work  of  limited  scope  for  can  -type  combustors  is  reported  by  Jeffs  [3.] 
and  Stewart  t4-l.  Almost  all  of  th©  information  on  the  annular-type  of  combustor  currently  used  for  aircraft 
applications  is  confined  to  relatively  inaccessible  private  company  reports.  The  information  that  is  available 
for  practical  combustors  is  expressed  in  global  terms,  and  there  are  no  detailed  interior  flowfield 
descriptions  at  near— blowout  conditions.  The  large  number  of  geometric  and  flow  variables  encountered 
makes  rational  comparison  of  data  difficult. 

It  was  for  these  reasons  that  the  Air  Force  established  under  th©  COME  effort,  a  research  program  to 
address  lean  blowout. 
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SECTION  2.0 
PROGRAM  APPROACH 


In  establishing  the  CDME  /LBO  study  the  Air  Force  elected  to  make  it  a  joint  effort  involving  industry, 
Wright  Laboratory  and  its  on-site  contractors,  and  universities  through  the  Laboratory  Summer  Professor 
program.  Experimental  work  was  to  be  conducted  on-site  at  Wright  Laboratory,  but  program  direction  was 
to  reside  with  industry.  The  reasoning  behind  this  structure  was  that  the  likelihood  of  success  would  be 
maximized  by  utilizing  these  wide-ranging  talents  in  combination,  to  produce  an  in-depth  study  while 
ensuring  that  the  effort  remained  firmly  grounded  in  the  practical  needs  behind  the  study. 

The  overall  strategy  adopted  to  address  the  CDME/LBO  program  objective,  involved  three  broad  but 
distinct  steps: 

1 .  Provide  by  experimental  means,  an  improved  understanding  of  the  physics  involved  in  lean 
blowout. 

2.  Model  the  lean  blowout  process,  and  integrate  the  modeling  with  CFD  codes. 

3.  Provide  experimental  data-bases  against  which  the  modeling  is  tested  and  calibrated. 

The  following  procedure  for  implementing  the  strategy  was  devised:  The  total  problem  was  divided  into 
two  separate  phases  that  separated  out  liquid  fuel  preparation  and  evaporation  from  the  basic 
aerodynamics  and  combustion  chemistry.  If  the  initial  phase,  in  which  gaseous  fuels  were  to  be  used,  was 
unsuccessful  then  the  second  phase  for  liquid  fuels  (ethanol,  JP8/Jet  A)  would  not  proceed.  Propane  was 
selected  for  the  Phase  I  gaseous  fuel  due  to  its  similar  chemistry  to  jet-fuels;  methane  was  the  secondary 
fuel. 

A  step-by-step  procedure  was  applied  to  the  Phase  I  study.  This  procedure  moves  from  gaining  an 
understanding  of  the  combustor  basic  primary  zone  behavior  in,  initially,  a  simplified  environment,  and  then, 
through  progressively  more  realistic  situations  leading  to  a  simplified  version  of  a  real  gas  turbine 
combustor.  Understanding  of  LBO  in  a  gas  turbine  combustor  therefore  relies  on  a  superpositions  method. 

As  a  consequence  of  the  step-by-step  procedure,  the  experimental  portion  of  the  program  utilizes 
three  combustors  as  test  vehicles  to  achieve  the  desired  progression  in  flow  complexity.  These  respective 
combustors  consist  of: 

a)  a  research  combustor  for  basic  studies  and  understanding  (Task  1 00  Combustor) 

b)  a  technology-development  combustor  with  characteristics  between  a)  above  and  b)  below 
(Task  150  Combustor) 

c)  a  gas  turbine  generic  combustor  of  simplified  configuration  (Task  200  Combustor). 

The  modeling  component  of  the  program  followed  the  same  progression  as  the  experimental  portion, 
and  the  two  components  were  mutually  supporting. 

•  1 00  percent  range/payload  increase  in  a  CH-47  size  helicopter 
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3.1  Intent 


SECTION  3.0 

BASIC  STUDIES:  TASK  1  CMS  COMBUSTOR 


The  intent  of  Task  100,  which  resulted  in  the  PWTasklOO  Combustor,  was  to  address  the  fundamentals 
of  the  blowout  process  with  the  aim  of  providing  a  clearer  understanding  of  the  physics  involved.  It  was 
concluded  that  this  would  be  best  done  experimentally.  Task  100  was  also  intended  to  serve  to  develop  the 
novel  instrumentation  and  experimental  techniques  necessary  to  probe  the  nonstationary  processes 
inherently  associated  with  blowout.  The  pilot  program  element  was  to  be  conducted  in  a  simplified 
combustor  having  reasonable  optical  access  to  permit  these  techniques  to  be  used. 

3.2  P&W  Task  100  combustor  Design 

In  a  modern  annular  gas  turbine  combustor,  flame  is  stabilized  by  producing  a  local  recirculation  zone 
in  the  general  flow  field.  This  zone  is  generated  by  a  combination  of  three  mechanisms,  namely:  an  axial 
swirling  air  jet  associated  with  each  fuel  introduction,  sudden  expansion  of  the  axial  swirling  jets  as  they 
enter  the  primary  zone,  and  back-pressure  provided  by  an  array  of  transverse  air  jets  at  the  end  of  the 
primary  zone.  The  recirculation  zone  itself  serves  a  triple  purpose  of  (i)  producing  a  region  of  low  velocity 
where  flame  can  be  held,  (ii)  providing  high  local  residence  time  for  flame  to  propagate  into  the  incoming 
fresh  mixture,  and  (iii)  acting  as  a  source  of  continuous  ignition  by  supplying  hot  gas  and  active  radicals  for 
the  incoming  combustible  fuel/air  mixture,  [2.]. 

To  obtain  low  exhaust  emissions  of  unbumed  hydrocarbons  (UHC)  at  low  engine  powers,  P&W  since 
the  late  1 970’s  has  tailored  the  combustor  flow  control  mechanisms  to  produce  an  “inside -out” 
recirculation  pattern,  which  is  different  to  the  classical  recirculation  described  in  Reference  2,  and  is 
illustrated  in  Figure  3-1.  This  flow  pattern  keeps  incompletely-reacted  fuel  out  of  the  relatively  cool  liner 
film  cooling  air,  where  it  could  become  chemically  frozen  [5.].  Note  the  central,  coherent,  swirling 
axially-directed  jet  that  is  initially  near-cylindrical  in  shape,  and  the  back -pressure  effect  of  the  opposed 
transverse  air  jets  that,  in  conjunction  with  its  swirl,  cause  the  axial  jet  to  abruptly  spread  radially  and  be 
recirculated  upstream  to  the  forward  bulkhead  of  the  combustor. 


Figure  3  1 .  Flow  Patterns  In  a  Modern  Annular  combustor  Showing  “Inside  Out” 1  Recirculation 
(Water -Ttonnel  Results) 
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Th®  flow  field  described  above  and  in  Figur©  3-1,  is  the  primary  zone  that  ths  research  combustor 
needed  to  emulate.  The  dominant  featura  is  th©  toroidal  rscirculation  zon®  surrounding  the  central  toe!  and 
combustion -air  jet,  that  is  confined  at  its  forward  ©nd  by  th©  combustor  bulkhead  and  at  its  aft  end  by  ths 
transverse  air  jets. 

Th©  flow  emulating  th©  combustor  primary  zon©  was  to  b©  contained  in  as  simple  a  combustor  as 
possible  to  facilitate  CFD  modeling  and  to  provide  good  optical  access.  An  axisymmetric  combustor  is  the 
simplest  configuration  possible  in  which  th®  desired  flowfield  could  b©  established.  However,  there  were 
concerns  with  suitabls  optical  access  for  diagnostic  measurements  in  an  axisymmetric  combustor. 
Although  these  difficulties  have  been  overcome  in  other  circumstances  by  us©  of  correcting  optics,  it  was 
not  felt  to  be  a  desirable  approach  forth©  present  program.  A  compromis®  cross-section  was  determined 
as  on©  with  flat  side-windows  for  optical  access,  but  having  substantial  circular-arc  corner  pieces  to 
minimize  secondary-flow  vorticity  generation  by  wail  boundary  layer  interactions. 

It  was  believed  that  th©  inside-out  recirculation  zone  could  be  generated  by  means  of  a  combination 
of  jet  sudden  expansion  and  back- pressure,  but  without  th©  need  for  introduction  of  swirl.  The  transverse 
air  jet  back-pressure  ©feet  was  to  be  represented  by  restriction  of  th®  combustor  outlet,  and  orifice  plates 
were  selected  for  this  purpose.  Th©  fuel  injector  flow  and  associated  airflow  were  to  be  respectively 
represented  by  a  central,  circular,  low-momentum  jet  of  propane  with  a  concentric,  high-momentum  jet  of 
air,  both  being  introduced  with  a  purely  axial  velocity.  The  forward  end  of  the  combustor  was  to  be  closed 
with  a  simple  step-bulkhead. 

Details  of  the  design  process  for  th©  simple  research  combustor  with  these  features  are  presented  in 
Reference  S,  which  is  contained  in  Appendix  A,  and  some  of  its  development  as  a  dean  experimental 
vehicle  is  described  in  Reference  7  which  is  given  as  Appendix  B. 

In  final  form  the  research  combustor,  Figur©  3-2,  consists  of  a  central  jet  of  gaseous  fuel  surrounded 
by  an  unheated  co-axial  air  jet,  with  th©  confluence  of  the  jets  centrally -located  in  a  nominally  circular 
cross-section  duct.  The  duct  has  a  hydraulic  diameter  of  150  mm,  and  is  closed  at  its  forward  end  to  give  a 
backwards-facing  step  of  55  mm  height.  Th©  discharges  from  th©  fuel  and  air  supply  tubes  are  flush  with 
each  other  and  with  th©  step.  The  constant  outer  diameter  fuel  tub©  has  an  inner  diameter  at  exit  of  29.97 
mm  with  a  2-degree  half-angle  taper  over  1 20  mm  of  its  interior  length  to  give  a  thin  lip  at  its  exit.  The  outer 
wall  of  th©  air  passage  converges  sharply  to  its  discharge,  where  th®  exit  diameter  is  40  mm.  To  ensure  that 
spurious  acoustic  effects  were  minimized  a  baffle  is  installed  in  th©  fuel  tub©  to  acoustically  isolate  th®  fuel 
supply  system  from  th®  combustor.  Th©  baffl©  is  far  enough  upstream  in  th©  fuel  tube  that  the  turbulence 
generated  by  it,  while  not  entirely  dissipated,  is  at  least  uniformly  distributed  across  the  tub©  diameter  by  th© 
discharge  plane. 


[  ALL  DIMENSIONS  ARE  IN  MM  ] 
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Figure  3-2.  Croas-Section  of  Task  1 00  Research  Combustor  RSg 

The  combustor  is  designed  and  constructed  in  two  main  sections  -  a  fixed  upstream  window  section 
of  475  mm  length  providing  optical  access  as  needed,  and,  a  replaceable  downstream  chimney.  The 
chimney  is  available  in  two  lengths,  and  the  combustor  can  be  run  with  either  of  these,  or  both,  or  with  no 
chimney  at  all.  The  combustor  has  never  actually  been  run  with  both  chimneys  mounted  simultaneously. 
The  other  arrangements  give  length  to  diameter  ratios  (L/D)  of  4.9, 6.51 3  and  3. 167  respectively.  Provision  is 
made  for  exit  blockage,  with  geometric  values  of  21.0,  45.1  and  62.0  percent  tunnel  blockage.  These 
blockages  ye  achieved  by  thin  orifice  plates.  For  the  45.1  percent  geometric  blockage,  “top- hat”  exits  with 
tailpipe  L/D  s  of  1 .0  and  2.1  respectively,  are  also  available.  The  “preferred  configuration”  for  which  most 
ptet0!imental  t@Stin9  W3S  COnduCt0d  was  ah  UD  of  4,9  with  a  451  Percent  geometric  exit  blockage  by  orifice 

The  combustion  tunnel  cross-section  was  achieved  by  means  of  optical  windows  of  thin,  flat, 
fuzed  -quartz,  which  form  the  four  sides  of  the  fixed  upstream  window  section.  The  windows  were  retained 
in  the  comer  frames  by  thin,  sheet-metal,  circular  arc  comer  fillets.  A  later  redesign  replaced  these  with 
machined  comer  pieces  that  are  integral  with  the  frames.  The  resulting  effective  optical  window,  within 
which  laser  diagnostics  data  can  be  obtained,  is  defined  by  -68.7  <  x  <  +68.7  mm  and  -22  <  y  <  +33 
mm,  where  axes  x  and  y  are  defined  in  relation  to  an  entering  laser  beam  in  Figure  3-2.  In  the  downstream 
direction  the  window  is  +2  <  z  <  +358  mm,  where  the  z-origin  is  in  the  plan®  of  the  step. 

The  optical  windows  can  be  replaced  as  desired  by  metal  plates  containing  either  arrays  of 
thermocouples  for  wall  temperature  measurements,  or  interior-flush  tappings  for  static  pressure 
measurements.  The  combustor  may  be  run  with  any  combination  of  windows  and  plates.  Ignition  is 
accomplished  by  means  of  a  removeable  propane  torch  ignitor  that  is  inserted  via  an  access  boss  mounted 
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interior-flush  on  a  single,  permanently- instated  metal  side-plate.  When  the  ignitor  is  remove 
plug  is  inserted  into  th©  boss.  The  combustor  is  uneooSed. 

Tin©  combustor  was  m©unt©d  vertically  on  th©  air-conditioning  (wind  tunnel)  unit,  that  delivers  a 
smooth  flow  of  reactants  to  the  combustor.  Th©  combustor  and  air-conditioning  unit  together  translated 
vertically  and  horizontally  through  a  square  cut-out  in  a  fixed  optical  bench,  so  that  traversing  with  laser 
diagnostics  could  bs  easily  made.  A  water-cooled  exhaust  extractor  was  positioned  vertically  above  th© 
combustor  exit. 

Both  th©  fool  and  air  flows  war©  continuously  monitored  and  controlled  by  separate  electronic  flow 
control  units  to  within  2  percent  of  sat  values.  It  was  therefor©  relatively  easy  to  sat  and  hold  a  given 
operating  condition  within  fh©s©  constraints  for  long  periods  of  time.  Blowouts  w©r©  found  to  b©  reasonably 
consistent,  wRh  atypical  repeatability  on  equivalence  ratio  at  fixed  operating  conditions  being  within  0.08. 

303  F3©w  FteBdl  to 

Under  isothermal  conditions  th©  flowfield  in  th©  PW  Task  100  research  combustor  was  established  by 
means  of  laser  Doppler  v©Sodmet©r  (LDV)  measurements.  Th©  basic  information  is  presented  in  Reference 
8,  which  is  contained  in  Appendix  C.  Figure  3—3  shows  th©  major  features  in  th©  combustor. 


Th©  momentum  ratio  of  the  air  to  fuel  jets  ranged  from  about  S  to  22  over  th©  conditions  of  interest. 
Th©s©  ranges  caused  th©  fuel  jet  to  b©  strongly  entrained  by  th©  air  jet.  This  entrainment,  together  with  th© 
sudden  expansion  that  th©  jets  undergo  upon  entering  th©  combustor,  generated  a  small,  central 
recirculation  bubble  of  length  about  19  mm  and  width  about  9  mm,  with  its  leading  edge  about  13  mm 
downstream  from  th©  st@p-plan©.  Th©  strength  of  this  bubble,  as  defined  by  th®  magnitude  of  th© 
combustor  c©ntsriin©  axial  velocity  depression,  was  entirely  consistent  on  a  jet  momentum  ratio  basis  with 
measurements  in  a  similar  geometry  by  Owen  (1965),  Habib  &  Whitelaw  (1979)  and  Johnson  & 


(1981).  (In  combusting  flow,  visualization  using  Mie-scattering  from  titanium  dioxide  particles,  revealed 
that  the  location  of  this  recirculation  bubble  was  not  stationary.  It  became  off-set,  and  processed  about  the 
combustor  centerline  within  the  jet  shear  layers;  it  also  moved  axially  and  its  forward  stagnation  point  could 
even  momentarily  enter  the  discharge  plane  of  the  fuel  jet.) 

The  step  generated  a  toroidal  vortex  which  was  centered  radially  at  60  percent  of  the  combustor  radius 
and  axially  about  3.1  step  heights  downstream  from  the  step  plane.  The  re-attachment  plane  was  7.7  step 
heights  (about  3  combustor  diameters  downstream),  and  was  consistent  at  the  test  Reynolds  number  with 
the  collected  data  of  Morrison  et  a!.  (1987).  The  step  recirculation  was  very  symmetrical  about  the 
combustor  centerline. 

The  addition  of  orifice  plate  blockage  at  the  combustor  exit,  Reference  9  which  is  presented  as 
Appendix  D,  generated  a  toroidal  vortex  formed  on  the  forward  face  of  the  orifice  plate.  The  effect  on  the  flow 
in  the  combustor  was  to  cause  a  velocity  acceleration  along  the  centerline  as  the  vena  contracts  in  the  orifice 
was  approached.  The  magnitude  of  the  effect  depends  on  the  diameter  of  the  orifice  plat©,  and  the  extent  to 
which  it  was  felt  in  the  front  of  the  combustor  depended  on  the  combustor  L/D.  For  the  4.9  L/D  combustor 
with  45  percent  exit  blockage  the  general  flow  characteristics  were  unaffected,  except  for  centerline  mean 
axial  velocity  accelerations  of  the  order  of  about  6  percent  at  300  mm  downstream  from  the  step,  to  about 
9.8  percent  at  125  mm  downstream. 

The  static  pressure  in  the  step  recirculation  zone  for  isothermal  flow  was  a  function  of  jet  velocity  ratio 
with  a  free  exit  from  the  combustor.  The  addition  of  exit  blockage  eliminated  the  jet  velocity  ratio 
dependency. 

The  jet  shear  layers  in  the  near-field  region  of  the  combustor  appeared  to  behave  as  conventional 
shear  layers,  and  quickly  reached  self-similar  conditions.  The  velocity  profiles  in  these  layers  were  in 
reasonable  agreement  with  Schlichting’s  classical  profile  for  plane  shear  layers.  The  Reynolds  stresses 
were  in  good  agreement  with  those  calculated  from  the  mean  profiles  using  Prandtl’s  mixing  length  theory. 
The  inner-edge  of  the  jet  shear  layer  reached  the  combustor  centerline  about  36  mm  downstream  from  the 
step  plane,  just  downstream  of  the  central  recirculation  bubble. 

In  the  far-field  region  of  the  combustor  the  individual  jets  interacted  vigorously  with  each  other,  and 
were  merged  by  1 38  mm  from  their  confluence.  Having  lost  their  individuality  subsequent  development  took 
place  as  though  the  two  jets  were  a  single  round  jet.  For  measurement  stations  from  138  to  358  mm 
downstream,  the  mean  axial  velocity  profiles  were  self-similar,  and  agreed  well  with  those  of  Forstall  & 
Shapiro’s  submerged  round  jets. 

The  fluctuating  velocity  profiles  in  the  far— field  were  not  self— similar,  and  did  not  agree  with  those  for 
Wyganski  &  Fiedler’s,  or  Corrsin’s,  free  round  jets.  It  was  concluded  that  the  fluctuating  velocities  in  the 
far-field  were  not  directly  associated  with  or  derived  from,  the  mean  velocity  profiles  at  the  sam©  axial 
stations,  i.e.,  convection  of  turbulence  was  a  dominant  feature  in  the  research  combustor.  Comparison  of 
the  local  turbulence  intensities  with  those  of  Habib  &  Whitelaw  (1979)  measured  in  a  similar  configuration 
showed  good  agreement. 

It  was  concluded  that  there  was  no  abnormal  flow  behavior  in  the  research  combustor.  The 
configuration  selected  for  the  research  combustor  satisfied  its  design  intent  by  generating  a  flow  field  that 
successfully  reproduced  the  desired  features  of  a  combustor  primary  zone.  The  optical  access  provided 
reasonable  probing  capability  to  assess  behavior  in  the  combustor. 

3.4  Simulated  of  Low  Pressures 

The  stability  of  a  combustor  is  most  difficult  to  attain  under  operating  conditions  of  low  inlet 
temperatures,  low  combustion  pressures  and  high  mass  flow  rates.  Together,  they  determine  the 
combustor  loading.  Therefore  these  conditions  are  the  ones  of  direct  interest  in  any  LBQ  study. 

Operation  at  low  combustor  inlet  temperatures  is  expensive,  and  is  made  moreso  because  the 
combustion  air  must  be  dried  to  avoid  internal  icing  problems;  in  addition,  heavy  insulation  of  supply 
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Quoting  is  required  to  minimi  sxtemal  icing  difficulties.  For  reasons  of  cost  and  convenience  ii  jfiore,  it 
was  decided  to  operate  to©  research  combustor  at  ambient  temperatures. 

bo*  (ducting  low  combustion  sfBocnqf  and  blowout  testing  si  subatmospheric  pressures  is  an 
expensive  and  inherently  dangerous  operation.  This  is  because  potentially  explosive  fuel/air  mixtures  from 
ih©  combustor  exist  in  the  exhaust  system,  and  can  be  ingested  by  to©  exhaust  blowers  pumping  the  rig 
down  to  subatmospheric  pressures.  For  reasons  of  safety  therefore,  it  was  decided  to  operate  toe  research 
combustor  at  atmospheric  pressure. 


Achievement  of  sufficiently  high  loadings  in  toe  research  combustor  to  be  able  to  construct  a 
significant  portion  of  its  lean  stability  characteristic  by  means  of  airflow  alone  was  not  feasible.  The  most 
rsadiiy-avaslaibl©  air  supplies  in  the  vicinity  of  th©  lasers  required  for  diagnostic  purposes  did  not  have 
sufficient  capacity.  Therefore,  some  form  of  simulation  was  needed  for  blowout  testing. 

f  ns  quantities  involved  in  combustor  loading  —  airflow,  air  temperature  and  operating  pressure  —  ar© 
those  which  influence  the  spssd  at  which  chemical  activity  converts  reactants  to  products.  When  th© 
combustor  inlet  conditions  cannot  b®  directly  manipulated  to  achieve  a  desired  loading,  as  was  so  forth© 
research  combustor,  to©  chemical  reaction  can  be  influenced  by  some  other  means  to  yield  a  similar  rat©  of 
recacuxnisu»tv@i^cn.  It  pressure  is  mad©  th®  variable  of  influence,  then  a  suitably  altered  chemical  reaction 
would  reflect  to®  effects  of  th©  “simulated  low  pressure.” 

Low  pressure®  can  fee  simulated  by  th©  introduction  of  an  inert  dHuent  that  slows  down  th©  chemical 
reaction  in  approximately  th®  same  way  that  true  low  pressures  do.  The  addition  of  to®  diluent  has  two 
effects  —  first,  it  lowers  th®  reaction  temperature  by  virtu©  of  its  heat  capacity,  and  second,  it  lowers  the 
reaction  temperature  by  reducing  to®  concentration  of  reactants.  Thus,  tests  may  be  made  at  atmospheric 
pressure,  and  a  high  combustor  loading  still  achieved. 

ii  w<s8  csaoed  to  Us®  simulation  of  low  pressures  as  th©  means  of  achieving  high  loadings  in  th© 
research  combustor.  Gaseous  nitrogen  was  selected  as  th©  diluent,  and  it  was  considered  as  an  inert  under 
th©  conGiiiGs  is  of  LSG  testing.  Nitrogen  is  convenient  to  use,  and  is  relatively  inexpensive. 

Based  on  an  appropriate  global  reaction,  it  was  demonstrated  that  reaction  rate  expressions  in  terms  ’ 
of  combustion  i  pressure  and  fractional  of  'fuel  burned,  and,  th©  ratio  of  excess  nitrogen  to  feel  masses  and 
fraction  of  fuel  burned,  have  th®  same  shape.  Sine©  th©  reaction  rat®  shapes  ar®  th©  same,  this  forms  the 
basis  of  th©  simulation.  This  information  is  contained  in  Ftefsronc©  10,  which  is  attached  as  Appendix  E. 
Sines  a  given  global  rail©  expression  cannot  b©  expected  to  ad©quat©!y  r©pr©s©nt  all  to©  actual  reaction 
taking  place  over  wide  range®  of  operating  conditions,  th®  simulation  does  require  some  form  of  calibration. 

An  ideal  calibration  would  be  based  on  a  comparison  of  the  simulated  pressure  technique  using 
excess  nitrogen  against  true  low  pressure  tests  in  th©  sam©  reactor.  Unfortunately,  such  a  direct  approach 
was  not  immediately  available  for  to©  r®s©srch  combustor.  Therefore,  an  indirect  approach  was  ussd. 

i  h©  empirical  calibration  of  the  Arrhenius  rat©  expression  for  th©  propan©/air/©xcess  nitrogen  system 
by  Kretschmer  <&  Gdgers  (1§>2)  served  as  th©  basis  of  th©  calibration  procedure  for  th©  low  pressure 
simulation  tachnsqu©  based  on  th©  introduction  of  excess  nitrogen  as  a  diluent  to  th©  research  combustor 
air  supply.  Figures— 4  shows  th©  resulting  calibration  curv©.  A  blowout  characteristic  for  th©  research 
combustor  is  given  in  Figure  8—5.  It  is  noted  that  th©  ts-chniqu©  tsnds  towards  saturation  at  high  values  of 
nitrogen  to  fuel  mass  ratios. 


The  excess  nitrogen  was  introduced  into  the  research  combustor  air  supply,  upstream  in  the 
air-conditioning  unit,  so  that  it  was  well-mixed  with  the  air  at  entry  to  the  combustor. 

3.5  Flame  Structures  and  LBO  Sequence 


Three  flame  configurations  existed  in  the  combustor,  depending  on  the  equivalence  ratio.  For 
operation  at  about  stoichiometric  conditions  over  a  wide  range  of  jet  Reynolds  Numbers,  a  steady 
sheath -flame  originated  on  the  combustor  step  at  the  outer-edge  of  the  air  jet.  Visually,  this  attached 
flame  appeared  quite  thin  at  its  origin,  and  maintained  a  roughly  constant  overall  diameter  and  thickness  for 
about  20  mm  downstream.  Beyond  this  20  mm  station  the  thickness  of  the  flame  increased  by  growing 
significantly  towards  the  combustor  centerline,  and  also  radially  outwards;  strong  radial  expansion  of  the 
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reacting  jet  shear  Sayers  began  thereafter.  It  appeared  that  the  initial  thickening  at  20  mm  was  ■„  a  to  the 
ignition  of  the  inner  shear  layer  (see  Figure  3-3),  where  the  thickened  flame  had  a  “turbulent  flame  brush” 
appearance,  i.e.,  “fuzsy— blue.” 

When  the  bulk  equivalence  ratio  reached  1 .5  to  2.0  (depending  on  combustor  loading),  and  before  a 
rich  blowout,  a  separated  flame  condition  was  established,  where  the  lower  part  of  the  attached  flam© 
originating  from  the  outer-edge  of  the  air  jet  was  not  visible  to  the  eye;  for  low  combustor  loadings  this  took 
place  at  an  equivalence  ratio  of  1 .8  (see  Appendix  D).  The  detached  flam©  then  originated  about  30— 40  mm 
downstream  from  the  step  plane.  A  rich  blowout  occurred  suddenly  at  this  condition,  and  did  not  involve 
further  flam©- lift. 

As  fuel  was  reduced  from  the  near-stoichiometric  condition,  (or  airflow  increased  at  constant  fuel  flow) 
the  attached  flam®  remained  fixed  in  position  but  became  visibly  intermittent  in  both  circumferential  and 
axial  extent,  i.e.,  it  evidenced  “holes,”  and  at  an  equivalence  ratio  of  1.05  (for  propane/air)  was  no  longer 
apparent  to  the  ©y®.  The  character  of  the  intenmittency  of  the  inner  shear  layer  burning  was  much  more 
severe  than  that  in  the  outer  shear  layer.  Eventually,  shear  layer  burning  was  no  longer  present,  and  the 
flam©  lifted  to  move  far  downstream  (160-300  mm),  and  existed  in  distributed  fashion  across  most  of  the 
combustor  diameter.  Figure  3-6  compares  the  attached  and  lifted  flam©  conditions. 


The  characteristics  of  the  attached  flam©  near  its  initiation  position  were  studied  using  spontaneous 
OH-imaging,  thin -filament  pyrometry  (TFP),  coherent  anti-Stokes  Raman  spectroscopy  (CARS),  planar 
laser-induced  OH-imaging  (PUF),  and  reactive  IVJie— scattering  from 

T/O,  particles.  These  studies  are  described  in  References  11  and  12,  which  are  submitted  as 
Appendices  F  and  G  respectively. 

The  spontaneous  OH-imaging  of  the  attached  flam©  at  about  1 5  mm  above  the  step,  revealed  that  the 
visually-observed  flame-lift  equivalence  ratio  of  1 .05  represented  a  break  in  the  gradient  of  u.v.  emission 
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intensity  with  equivalence  ratio.  For  equivalence  ratios  less  than  1 .05  the  attached  flame  was  still  present  but 
with  very  high  intermittency.  In  intermittent  form  it  was  present  at  equivalence  ratios  right  down  to  blowout.  It 
clearly  did  not  release  sufficient  heat  to  stably  pilot  the  shear  layer  flame,  and  this  was  what  caused  lift  of  the 
main  flame;  also,  the  luminosity  was  not  sufficient  for  normal  visibility  at  equivalence  ratios  below  1.05. 

The  TFP  measurements  found  that  at  1 0  mm  above  the  step,  the  attached  flame  was  about  5  mm  thick, 
and,  that  the  peak  temperatures  oscillated  about  a  mean  radius  of  24  mm  with  a  displacement  of  about  4 
mm  and  a  frequency  less  than  10  hertz.  The  intermittency  at  equivalence  ratios  less  than  1.05  was 
confirmed,  Figure  3-7. 


RADIAL  POSmCH 


Figure  3—7.  Time  History  and  Frequency  Spectra  of  Relative  Temperature  from  a 
Thin  Filament  Pyrometer  In  the  Attached  Flam©  Region  at  Fu®l-Rleh 
and  Fuel -Lean  Equivalence  Ratios 

The  CARS  measurements  of  radial  mean  temperature  profile  at  5  mm  downstream  from  the  step 
established  that  for  visually-lifted  flames,  low  (inlet)  temperatures  existed  out  to  a  radius  of  19  mm;  for 
visually- attached  flames  there  was  a  sharp  temperature  rise  from  a  radius  of  17  mm.  The  CARS  p.d.f.’s 
were  strongly  bi -modal  for  radii  between  14  and  19  mm  for  the  visually-attached  flame,  and  absolute 
mean  temperature  levels  were  in  excess  of  1300°K  at  25  mm  radius. 

The  PLIF  OH— images  of  the  attached  flame  in  the  near— field  strongly  suggested  that  the  radial 
oscillations  of  the  flame  sheath  observed  by  the  TFP  and  supported  by  the  CARS  p.d.f.’s,  could  be 
associated  with  eddy  formation  in  the  jet  shear  layers.  Reactive  Mie-scattering  by  T/0o  particles  formed 
from  77C/4  vapor  seeding  of  the  jet  streams,  confirmed  that  the  size  of  the  eddies  in  the  jet  shear  layers  had 
a  characteristic  dimension  that  was  consistent  with  the  amplitude  of  the  oscillations  indicated  by  the  TFP 
measurements,  and  supported  this  observation.  The  estimated  frequency  of  the  shear  layer  eddies  was 
also  consistent  with  that  observed  by  the  TFP  for  oscillation  of  the  attached  flame. 

The  PLIF  OH-images  also  indicated  that  the  necessary  fuel  forth®  attached  flame  was  recirculated  to 
the  step  by  the  step  vortices.  However,  it  appeared  that  a  significant  mode  for  fuel  entering  the  step  vortices 
was  not  straight-forward  recirculation  of  unburned  fuel  from  the  jet  shear  layer  that  was  delivered  to  the 
reattachment  plane  ofthestep-vortex.  Rather,  it  was  direct  radial  injection  of  fuel  into  the  step  recirculation, 
by  nonstationary  eruptions  through  the  jet  shear  layers,  as  Figure  3-8  illustrates.  This  behavior  was  also 
observed  in  a  movie  of  nonreacting  flow  visualizations  (fluoroscene  dye  in  water)  made  at  UTRC  in  a  similar 
geometry,  by  Johnson  [13].  The  CARS  measurements  for  this  equivalence  ratio  at  a  radius  of  24-26  mm 
and  5  mm  downstream  from  the  step  indicated  mean  temperatures  around  150QK.  Such  temperatures  in 
this  region  of  the  combustor  are  indicative  of  the  attached  flame. 
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RoCsttvo  Ctt  tMeacfty 


Figure  3—®.  Spatial  Composite  off  Sinsiste&Dteiraoou®  FLIP  ©IHl-lmag®®  at  ara  Equivalence 
Ratio  off  1.5®  with  a  HSgter-WalM®  eomfeasstor  Loading  (Attached  Flame) 

For  the  lifted  flame,  the  PLiF  QH-imagesdid  not  show  shear  layer  burning  in  the  near-field,  butalifted 
shear  layer  burning  at  heights  greater  than  150  mm  above  the  step-plane,  Figure  3-9.  The  reattachment 
plane  for  the  lifted  shear  layer  burning  was  in  the  range  230-31 0  mm  above  the  step.  Considerable  OH  was 
shown  in  the  step  recirculation  back  at  the  step.  The  was  due  to  straight-forward  recirculation.  The  CARS 
measurements  indicated  a  mean  temperature  of  about  1250-1300'K  at  a  radius  of  24-26  mm  and  5  mm 
downstream  from  the  stao.  These  temoeratures  are  less  than  the  aenerailv- accented  value  of  about 


EffeigfcB  of  Basils- Pp®©gimr® 


Orifice  plates  on  the  combustor  outset  were  provided  to  simulate  the  back-pressure  that  exists  in  real 
gas  turbine  combustors  due  to  the  presence  of  the  combustion  and  dilution  air  jets,  and  the  turbine  inlet 
guide  vanes.  Back-pressure  was  found  to  exert  a  number  of  effects  on  combustion  in  the  Task  100 
Research  Combustor.  These  are  described  in  Reference  9,  which  is  included  as  Appendix  D. 

Back -pressure  by  means  of  exit  blockage  did  exert  an  effect  on  the  LBO  characteristics  of  the 
combustor.  The  effect  was  weakest  at  low  combustor  loadings  near  the  flammability  limits,  and  strongest  at 
high  combustor  loadings  near  the  peak  heat  release  rat®,  Figure  3-11.  The  magnitude  of  the  effect  was 
changed  with  combustor  LTD. 


COMBUSTOR  LOADING 
NEAR  PEAK  HEAT  RELEASE  RATE 


Figure  3-11.  Infflueinie®  oed  LB®  @f  Eni  Bleeteg®  at  High  C®mbu®tos’  Load!  m  g 

The  effects  of  back— pressure  were  two— fold:  1.)  changes  to  the  mean  flowfield,  and,  2.)  changes  to 
the  nonstationary  characteristics  of  a  blowout  sequence. 


Changes  to  the  mean  fields  were  evidenced  as  changes  in  the  position  at  which  the  combustor 
walls  reached  a  maximum  temperature,  as  expressed  through  metal  temperature  factor,  MTF,  where, 

MTF  = . T‘  — 

r, .  -r„ 

The  maximum  temperature  experienced  by  the  combustor  walls  was  associated  with  the 
re-attachment  plane  for  the  step  recirculation. 


As  expressed  by  MTF,  the  maximum  wall  temperature  was  only  a  function  of  equivalence  ratio,  and  was 
not  influenced  by  exit  blockage.  For  attached  flames  the  position  of  maximum  MTF  was  reached  at  about 
450  mm  downstream  from  the  step  (4.9  L/D  combustor),  with  a  value  of  about  0.42.  For  lifted  flames  the 
position  of  maximum  MTF  was  a  complex  function  of  exit  blockage  and  equivalence  ratio,  as  Figure  3-12 
shows,  and  the  value  of  max.  MTF  increased  with  decreasing  overall  equivalence  ratio  to  about  0.47. 
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Figure  3-12.  Dependency  of  Posttien  off  AtaSmum  MTF  On  Exit  Blockage  for  Lifted  and 
Attached  Flams®  In  tit©  4.9  L/D  Combuator 

The  effect  is  induced  by  influence  of  the  stagnation  recirculation  region  set  up  on  the  forward  face  of  the 
orifice  plate,  with  that  of  the  step  recirculation  zone.  In  Figure  3-1 2  the  behavior  for  zero  exit  blockage  was 
consistent  with  the  findings  of  Morrison  et  al.  [14.],  Pitzft  Daily  [15.]  and  Stevenson  et  a).  [16.],  for  premixed 
flames,  that  a  step  recirculation  zone  at  fixed  (turbulent)  Reynolds  number  decreases  in  size  with  increasing 
equivalence  ratio.  The  minimum  distance  at  this  zero  blockage,  occurring  at  an  equivalence  ratio  of  0.9  in 
the  Task  100  combustor,  suggested  that  the  pilot  flame  attachment  was  becoming  evident  before  the 
directly-observed  equivalence  ratio  of  1 .05.  This  was  confirmed  by  Roquemore  et  al.  [11 .]  and  Chen  [17.] 
with  the  pilot-flame  intemnittency  measurements. 

As  exit  blockage  was  increased  at  low  loadings  in  the  4.9  L/D  combustor  the  equivalence  ratio  for  the 
onset  of  the  large-scale  axial  movements  of  the  lifted  flame  immediately  preceding  an  LBO,  was  increased. 
Figure  3-13  illustrates  this  destabilizing  action.  The  blowouts  at  these  combustor  loadings  were  only 
weakly  improved  by  increased  exit  blockage.  This  suggests  that  the  destabilizing  effect  of  the  increased 
large-scale  axial  movements  at  these  loadings,  off-set  the  strong  stabilizing  effect  of  exit  blockage. 


COMBUSTOR  L/D  =  4.9 
ORIFICE  PLATE  EXIT 


Figure  3-13. 
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On®  of  th®  classical  ways  of  presenting  LBO  data  is  to  plot  the  blowout  equivalence  ratio  against  the 
combustor  loading  parameter,  which  derives  from  well-stirred  reactor  approaches.  This  method  follows 
that  of  Bragg  [1 8.] ,  who  proposed  that  a  gas  turbine  combustor  could  be  modeled  as  a  well-stirred  reactor 
representing  the  primary  zone,  followed  by  a  plug -flow  reactor  representing  the  intermediate  zone;  the 
dilution  zone  was  considered  as  redundant,  i.e.,  nonreacting.  While  this  is  now  recognized  as  being  too 
simple  a  representation,  ideas  arising  from  it  proved  to  be  very  useful.  For  this  reason  the  combustor  loading 
parameter  continues  as  a  correlating  group  of  merit,  if  used  with  car®. 

The  form  of  th®  loading  paramater  used  presently  follows  that  of  Kretschmer  &  Odgers  [19.],  where  the 
order  of  th©  global  reaction  representing  th®  real  reaction  kinetics  is  made  a  function  of  equivalence  ratio. 
This  results  in  fractional  reaction  orders,  which  is  not  physically  real,  but  comes  from  the  sweeping 
simplifications  arising  from  us®  of  a  single  global  reaction  to  represent  the  real  chemistry.  Additional 
modifications  are  introduced  into  this  loading  parameter  to  account  for  the  presence  of  the  excess  nitrogen 
used  to  simulate  low  combustion  pressures.  Th©  excess  nitrogen  affects  residence  time  in  addition  to  acting 
as  a  heat  sink  and  reactant- diluent.  Thus,  the  loading  parameter  LFJ  is  defined, 

t  p  —  ?fhja 
VP*  F 


mn  =  mf  +  ma  +  mm  lbm/s®c. 

V  =  effective  reactor  volume,  ft 3 

P  =  combustion  pressure,  atmos. 

n  -  apparent  global  reaction  order  -  2$^  (1  +  mm  /  ma)u 

*|  qO.00143  T 

F  = - 

a  72 

T  =  fuel/air  inlet  temperature,  K 

(j)^  =  equivalence  ratio  at  LBO 

The  exponential  temperature  correction  factor  F  is  to  correct  the  data  to  a  constant  400K  inlet 
temperature,  and  represents  a  tribute  to  th®  pioneering  weli-stirred  reactor  work  of  Longwell  ®t  al.  [20.], 
where  an  actual  inlet  temperature  of  400K  was  used. 

The  difficulty  in  applying  the  loading  parameter  to  th®  Task  1 00  combustor  is  associated  with  making  a 
choice  for  the  effective  reactor  volume  V .  This  is,  by  definition,  th©  volume  within  which  the  fuel  -air  mixture 
is  well-stirred,  and  th®  equivalence  ratio  is  within  the  rich  and  lean  flammability  limits  for  the  reactants. 

To  establish  the  reactor  volume,  recourse  was  mad®  to  the  CFD  tool,  and  calculations  were  made  of  the 
flowfields  in  th©  research  combustor  using  the  2D -PREACH  code.  The  calculated  fiowfieids  were 
interrogated  using  the  total  dissipation  gradient  methodology  of  Swithenbank  [21.]  to  establish  the 
weil-stirred  regions  of  th©  combustor,  according  to  a  standardized  definition  of  “well -stirred.”  These 
estimates  [12.]  suggest  that  the  combustor  was  effectively  well -stirred  across  its  entire  radius  by  a 
distance  of  650  mm  (4.3  L/D)  downstream  from  the  step.  Within  this  distance,  there  were  local  regions,  such 
as  in  the  step  recirculation  zone,  around  the  step -recirculation  reattachment  plane,  and  in  th©  downstream 
parts  of  th®  shear  layers,  where  th©  flow  was  also  effectively  weli-stirred.  Account  was  taken  of  the 
flame-lift  through  th®  experimental  observations  of  that  height.  Since  the  flam© -Sift  allowed  time  for  some 
degree  of  fuel  distribution  and  premixing  of  reactants  to  take  place  within  the  weli-stirred  regions  prior  to 
reaction,  it  was  assumed  that  all  well-stirred  regions,  except  forth®  step  recirculation,  constituted  reacting 
volumes. 


The  LBO  data  were  correlated  on  the  basis  of  loading  parameter,  and  a  good  correlation  was  obtained 
over  a  wide  range  of  total  mass  flow  rates  and  equivalent  pressures.  At  low  values  of  loading  parameter  the 
correlated  LBO  equivalence  ratio  asymptotically  approached  the  limiting  condition  represented  by  the  lean 
flammability  limit  for  propane/air  mixtures  [22  ] 

Implicit  in  the  data-correlation  is  the  assumption  that  in  the  lifted -flame  condition  from  which  a  lean 
blowout  occurs,  the  research  combustor  behaves  like  a  simple,  single,  well -stirred  reactor.  Two  steps  were 
taken  to  check  the  validity  of  this:  1 .)  A  comparison  was  made  with  actual  well-stirred  reactor  experimental 
data  from  the  literature,  and,  2.)  the  correlated  research  combustor  data  were  compared  to  a  calculated 
stability  line  obtained  using  a  well  -stirred  reactor  computer  code. 

A  comparison  of  correlated  research  combustor  LBO  data  with  well-stirred  reactor  data  from  the 
literature  is  contained  in  References  [6.]  and  [23.],  with  the  latter  reference  being  attached  as  Appendix  H. 

The  data  from  the  research  combustor  at  low  loadings  are  consistent  with  a  large  amount  of  the  literature 
data. 

The  well -stirred  reactor  code  used  was  a  version  of  the  MARK2I  stirred  reactor  network  cod©  by  David 
Pratt  and  Brian  Pratt.  MARK2I  uses  the  CREK  chemical  kinetics  code  of  Pratt  &  Wormeck  [24.];  the 
hydrocarbon  reaction  mechanism  used  was  a  simulation  of  Jet  A  fuel  by  Roberts  et  a!.  [25.].  This' was 

considered  appropriate  for  propane  (see  Section  6.0). 

The  research  combustor  near  to  blowout  was  modeled  in  MARK2I  as  a  single,  perfectly-stirred  reactor 
with  separate  air  and  fuel  inlets,  and  a  single  discharge  of  products;  there  was  no  external  recirculation  of 
products.  Heat  losses  were  not  accounted  for.  The  reactor  volume  was  made  the  same  as  the  active  volume 
of  the  research  combustor.  No  cases  with  excess  nitrogen  were  run,  but  true  combustion  pressure  variation 
was  made.  Thus,  comparison  with  the  experimental  data  also  serves  as  a  check  on  the  calibration  of  the 
excess  nitrogen  low-pressure  simulation  technique. 

Figure  3-14  shows  the  comparison.  The  good  agreement  of  the  calculated  stability  with  the 
well  correlated  experimental  data  is  apparent  in  the  figure.  The  agreement  confirms  that  the  research 

flame  condifon80  b0haV®S  lik®  3  W0,l-Stirred  r0actor  du® t0  the  premixing  of  reactants  allowed  by  the  lifted 


Figure  3-14.  Measured  Lean -Portion  of 

Reactor  Calculations;  via  the  Loading  Parameter 


Experimental  Stability  Loop  Compared  to  Wel5-St!rr@d 
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The  research  combustor  was  intended  to  represent  a  simplified  version  of .  a  primary  zone. 
Experimentally,  it  revealed  some  important  features  concerning  blowouts. 


The  role  of  recirculation  in  maintaining  stability  was  clearly  brought  out.  Recirculation  provided  a 
piloting  action  of  an  attached  flame  that  kept  the  main  flame  anchored  in  the  jet  shear  layers  close  to  the  fuel 
injection  plane.  Fuel  distributions,  especially  in  the  step  recirculation  zone,  were  strongly,  and  favorably, 
influenced  by  nonstationary  behavior  of  the  mean  flow  field.  The  nonstationary  behavior  directly  introduced 
more  fuel  radially  into  the  step  recirculation  zone  than  was  provided  via  conventional  jet  shear  layer 
re-attachment  and  recirculation  from  downstream.  The  piloting  action  of  the  attached  flame  was  enhanced 
by  this  additional  fuel  source  for  the  step  recirculation.  The  nonstationary  behavior  appeared  to  arise  from 
interactions  of  a  precessing,  small,  central,  recirculation  bubble,  situated  in  the  near-field  of  the  fuel 
stream,  with  the  individual  eddies  of  the  jet  shear  layers.  With  reduction  of  the  total  fuel  flowrate,  insufficient 
fuel  was  introduced  into  the  step  recirculation  to  provide  adequate  energy  to  the  attached  flame  for  piloting 
the  main,  jet  shear  layer,  flame.  The  fuel  reduction  was  from  both  the  conventional  path  and  from  the 
nonstationary  flow  path.  When  the  pilot  flame  was  lost,  the  main  flam®  lifted  in  the  jet  shear  layers,  and  was 
more  distributed  across  the  combustor.  The  flame-lift  allowed  significant  premixing  of  fuel  and  air  to  take 
place  prior  to  the  downstream  reaction.  Final  blowout  was  of  the  character  of  a  premixed  flame. 


SECTION  4.0 

APPLIED  STUDIES:  TASK  150  COMBUSTOR 


4.1  Intent 

The  intent  of  the  PW  Task  150  Combustor  was  to  continue  the  Task  100  effort  of  addressing  the 
fundamentals  of  the  blowout  process,  by  studying  practical  fuel  injector  combustion  characteristics  in 
isolation  from  the  other  complications  of  gas  turbine  combustors.  While  many  detailed  studies  exist  in  the 
literature  concerning  jet  flames,  both  free  and  enclosed,  almost  nothing  is  directly  available  on  the  flame 
characteristics  produced  by  practical  devices  for  introducing  reactants  into  a  combustor.  The  PW  Task  1 50 
“technology  combustor”  goes  some  way  towards  remedying  this  situation. 

4.2  PW  Task  1 5©  Combustor  Design 

The  PW  Task  1 50  Technology  Combustor  design  was  modified  from  that  of  the  PW  Task  1 00  Research 
Combustor,  Figure  3-2.  The  combustion  tunnel  section,  consisting  of  the  475  mm  length  window  piece, 
260  mm  length  extension  chimney  (4.9  L/D  total),  and  the  outlet  orifice  plate  (45%  geometric  blockage), 
were  retained  from  the  research  combustor.  A  new  bulkhead  replaced  the  jet  system  and  step,  however. 
The  new  bulkhead  accommodated  a  practical  fuel  injector,  taken  from  an  engine,  together  with  the  engine 
combustor  dome  interfacing,  which  consisted  of  injector  guide  containing  an  “insert  swirler,"  and  a  dome 
cooling  air  deflector.  To  accommodate  the  fuel  injector  the  central,  propane  fuel  tube  was  removed  from  the 
wind  tunnel  (air  conditioning  section),  see  Figure  3-2,  together  with  the  contraction -piece.  A  240  mm 
length  plenum  chamber  spool-piece  was  provided  in  place  of  the  contraction -piece.  The  spool-piece 
also  accommodated  a  mounting  pad  for  the  fuel  injector  support  stem  and  flange.  Figure  4-1  shows  an 
overall  view  of  the  Technology  Combustor. 


Figure  4- 1 .  Overall  View  of  the  PW  Task  15©  Technology  Combustor 

The  fuel  injectors  used  were  of  the  prefilming  airblast  atomizing  type,  and  contained  swiriers  in  the  air 
passages  to  provide  good  circumferential  fuel  distribution,  and  to  assist  in  establishing  the  “inside-out 
recirculation"  flowfield  shown  in  Figure  3-1  and  simulated  in  the  PW  Task  100  Research  Combustor.  The 
only  modification  made  to  the  fuel  injectors  from  the  engine  configuration  was  the  removal  of  afuel-line  trim 
orifice  contained  in  the  injector  support.  The  purpose  of  the  trim  orifice  was  for  final  adjustment  of  the  flow 
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number  so  as  to  increase  the  production  yield  of  injectors,  its  removal  was  necessary  to  pass  the  squired 
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nitrogen  flow  was  14  slpm;  these  flowrates  corresponded  to  a  fuel-lean  equivalence  ratio  (mass  basis)  of 
0.72.  Data  were  generally  taken  at  11  transverse  planes  axially  disposed  downstream  from  the  dome, 
although  additional  planes  were  added  as  necessary.  On  each  plane  the  radial  increments  from  the 
centerline  were  0.5  or  1 .0  mm  where  large  velocity  gradients  existed,  and  up  to  1 0.0  mm  increments  where 
the  velocity  profiles  were  relatively  fiat.  Measurements  were  only  made  on  on©  half  of  the  combustor; 
measured  and  calculated  fields  were  duplicated  and  reversed  to  provide  complete  images. 
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zero  velocity  contours,  together  with  the  other  velocity  components,  the  associated  recirculation  zones 
were  estimated.  This  information  is  presented  in  Figure  4—3. 


Figure  4-3.  Isothermal  flowfleld  In  the  Task  1 50  Combustor  for  the  HS  Injector 
at  a  Simulated  Equivalence  Ratio  of  ©.72 


It  can  be  seen  from  Figure  4-3  that  the  flow  field  in  the  Task  150  combustor  contains  several 
recirculation  zones.  In  the  far— field  (distances  greater  than  100mm  from  the  dome),  a  large  but  very  weak 
recirculation  zone  existed  on  the  combustor  centerline.  This  was  somewhat  different  from  what  would  exist 
in  an  engine  combustor,  due  to  the  absence  in  the  Task  150  combustor,  of  transverse  combustion  air  jets, 
(the  exit  orifice  plate  simulates  their  back-pressure  however,  as  described  in  Section  3.0).  This  zone  was 
generated  by  the  strong,  toroidal -shaped,  rotating  main  recirculation  zone  that  establishes  the  “spray 
angle”  which  exists  when  a  liquid  fuel  is  used.  It  extended  from  the  injector  to  about  120  mm  downstream 
This  zone  is  analogous  to  the  step  recirculation  zone  in  the  Task  1 00  research  combustor.  Fuel  following  this 
trajectory  reached  the  combustor  wall  at  about  1 50  mm  downstream.  This  is  much  closer  to  the  dome  (by  a 
factor  greater  than  2.0)  than  the  step-vortex  reattachment  plane  in  the  research  combustor,  and  illustrates 
the  benefit  of  swirl  in  shortening  flame  length. 

Contained  within  the  main  toroidal  recirculation  was  a  small,  narrow,  recirculation  on  the  injector 
centerline.  It  extended  from  the  injector  to  about  60  mm  downstream,  and  is  analogous  to  the  small,  central 


recirculation  bubble  seen  in  the  research  combustor.  A  large  toroidal  recirculation  region  exists  ;  at  large 
radius  in  the  corners  formed  between  the  dome  and  the  combustor  walls.  It  was  generated  by  a 
combination  of  the  radially-outwards  flow  of  the  dome  film  cooling  air  with  the  injector  main  toroidal 
recirculation,  and  extended  about  50  mm  downstream.  Because  it  was  generated  by  a  combination  of 
flows,  it  was  much  larger  than  its  (negligibly)  small  equivalent  in  the  research  combustor.  The  trajectory  of 
the  annular  fuel  stream  in  the  near -field  was  between  the  small,  centra!  recirculation  bubble  and  the  larger, 
toroidal  main  recirculation,  as  it  was  in  the  research  combustor. 

It  can  be  appreciated  from  Figure  4-3,  that  the  HS  injector  in  the  Task  150  combustor  generated  an 
isothermal  fiowfleld  that  had  many  similarities  with  that  of  the  research  combustor,  (Figure  3-3).  However, 
the  presence  of  swirl  did  introduce  some  significant  differences  that  must  be  examined.  The  velocity  field 
generated  by  the  LS  injector  was  even  closer  in  appearance  to  that  of  the  research  combustor. 


The  flame  structures  in  the  Task  150  combustor  were  studied  by  direct  visual  observation  and  by 
recorded -image  video.  Still  images  from  the  video  were  digitized  and  filtered  using  computer  techniques  to 
produce  isochramatic  contour  plots  from  the  grey-scale  images,  that  provided  a  photographic  flame 
characterization.  The  shape  of  the  flam©  yields  qualitative  insights  to  the  mixing  processes  and  location  of 
flame  fronts.  Variation  in  location  of  these  fronts  relative  to  the  injector  with  operating  conditions  is  of  obvious 
interest.  It  must  be  remembered  that  these  images  represent  the  exterior  of  the  flam®  or,  a  spatial  integration 
through  its  thickness. 

Figure  4-4  shows  characteristic  flam©  shapes  for  the  HS  injector  at  a  constant  airflow  of  310  slpm  as 
the  fuel  flow  (gaseous  propane)  was  varied  to  give  overall  equivalence  ratios  from  2.38  to  0.46.  The  range  of 
Reynolds  Numbers  at  this  overall  airflow  for  the  various  passages  was  determined  by  the  flow  splits  and 
passage  dimensions.  On  this  basis  flow  from  the  insert  swirler  jets  was  completely  turbulent,  flow  from  the 
outer  swirler  was  in  the  transitional  region,  and  flow  from  the  inner  swirler  was  in  the  transitional  region  also, 
but  only  barely  so.  These  observations  hold  for  the  LS  injector.  However,  Reynolds  Number  effects  are  very 
small  relative  to  other  effects.  Figure  4-5  shows  the  characteristic  flame  shapes  for  the  LS  injector  at  31 0 
slpm  airflow  for  equivalence  ratios  from  1 .42  to  0.71 .  The  linear  cut-offs  to  some  of  the  contour  plots  in  both 
figures  represent  window-edges  in  the  combustor. 
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Figure  4-4. 


Characteristic  Flame  Shapes  for  the  HS  Smjaetor  Bn  the  4.9  L/D  Task  150 
Combustor  with  45%  Exit  Blockage  and  Constant  Dome  Airflow  of  310  SLPM 
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Table  4-1  for  the  LS  injector,  indicates  that  for  overall  (dome)  equivalence  ratios  at  and  above  0.72, 
there  was  insufficient  injector  air  to  bum  all  of  the  introduced  fuel.  The  insert  swirter  air  therefore  played  an 
important  role  in  the  combustion  process.  For  overall  (dome)  equivalence  ratios  of  unity  and  above,  dome 
cooling  air  also  had  to  play  a  role  in  combustion.  Thus,  at  very  rich  overall  equivalence  ratios,  above  1 .5  for 
both  injectors,  it  would  be  expected  that  flame  would  be  distributed  across  the  combustor  and  attached  in 
the  dome  region.  The  characteristic  flame  shapes  did  show  this.  This  condition  was  analogous  to  the 
attached  flame  condition  in  the  research  combustor. 

Comparison  of  the  flame  shapes  in  Figure  4-4  and  Figure  4-5  is  complicated  by  the  airflow 
difference  between  the  two  injectors,  (see  Section  4-3).  For  a  constant  dome  airflow,  (as  in  the  figures)  the 
LS  injector  flows  1 .1921  times  the  air  of  the  HS  injector,  i.e.,  the  equivalence  ratio  of  the  LS  injector  is  0.8389 
times  that  of  the  HS  injector.  Thus,  for  comparative  purposes  with  gmalMartQiejmivalencg  ratios  at  a  fixed 
dome  airflow,  the  dome  equivalence  ratio  with  the  LS  injector  should  b©  1 .1 921  times  the  dome  equivalence 
ratio  with  the  HS  injector. 

Therefore,  by  applying  this  correction,  the  flam®  structure  for  a  dome  equivalence  ratio  of  0.93  with  the 
HS  injector  is  directly  comparable  to  that  for  a  dome  equivalence  ratio  of  1 .1 1  with  the  LS  injector.  Such  a 
comparison  from  Figure  4-4  and  Figure  4-5  shows  both  flames  are  attached  to  the  injector  via  a  flame 
core  generated  by  the  inner  swirl er.  The  flame  cor©  is  more  compact  for  the  HS  injector  due  to  the  higher 
inner  swirl  number  of  this  injector.  Similarly,  a  comparison  for  the  HS  injector  at  a  dome  equivalence  ratio  of 
1.09  is  comparable  with  a  LS  injector  at  a  dome  equivalence  ratio  of  1 .3.  Comparison  from  Figure  4-4  at 
1 .09  equivalence  ratio  with  Figure  4-5  at  the  nearest  equivalence  ratio  of  1 .37  shows  a  rich,  lifted  flame  in 
both  instances.  Comparison  of  the  LS  injector  at  a  dome  equivalence  ratio  of  0.71  with  a  lifted  flam©  from 
Figure  4-5,  with  Figure  4-4  for  the  HS  injector  would  require  an  equivalence  ratio  of  0.6;  the  nearest  two 
equivalence  ratios  in  Figure  4-4  are  0.78  and  0.46,  and  these  both  show  an  attached  flam©  core  for  th© 
higher  swirl  case. 

The  flam©  structures  of  Figure  4-4  and  Figure  4—5  can  be  explained  with  reference  to  the 
recirculation  zone  structure  shown  in  Figure  4-3,  and  th©  component  equivalence  ratios  for  the.  dome, 

given  in  Table  4-1. 

With  reference  to  Figure  4-4,  for  dome  equivalence  ratios  0.93  to  0.46,  the  central  attached  flame  was 
stabilized  inside  and  between  the  structure  of  the  main  toroidal  recirculation  and  that  of  th©  small  central 
recirculation  bubble.  The  central  swirler  alone  does  not  provide  sufficient  air  for  combustion  so  mixing  with 
additional  air  due  to  recirculation  must  have  taken  place.  The  influence  of  th©  insert  swirler  jets  on  th©  base 
of  the  main  flame  can  be  detected  (inwards  dimples).  As  fuel  flow  rate  was  increased  the  combined  injector 
and  insert  swirler  airflows  again  were  insufficient  to  react  al!  of  the  fuel  supplied.  Du©  to  th©  air  deficiency 
along  the  combustor  centerline,  the  flame  lifted  (rich  lifted  flame)  until  it  found  sufficient  air  (provided  by  the 
dome  cooling  converted  downstream)  to  stabilize  within  the  flammability  limits.  The  large  but  weak, 
centrally-located  recirculation  shown  in  Figure  4-3  was  not  present  in  reacting  flow.  With  further  increases 
in  total  fuel  flow  rate,  large  quantities  of  unbumed  fuel  were  recirculated  to  the  dome  by  the  main  toroidal 
recirculation  and  the  large— diameter  toroidal  recirculation  in  the  combustor  comers  formed  by  the  dome 
and  walls.  This  recirculated  unburned  fuel  was  then  able  to  react  directly  with  the  dome  cooling  air  to  give 
the  rich  attached  flame  (dome  equivalence  ratios  of  1 .72  and  2.38). 

The  functioning  of  the  so-called  “rich-dome”  approach  to  combustor  design  is  well -described  by 
the  Task  150  combustor,  the  flame  behavior  seen  relates  well  to  that  seen  in  the  Task  100  research 

combustor. 


4.6  OH  —  Imaging  for  Instantaneous  Flam©  Structures 

The  OH  radical  is  an  important  marker  for  hydrocarbon  flames  since  it  is  produced  in  large  quantities 
during  the  combustion  process.  This  radical  therefore  gives  a  good  indication  of  flame-fronts  and  regions 
of  significant  heat  release.  Care  has  to  be  taken  in  interpreting  OH  images  since  there  is  a  concentration 
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along  the  combustor  centerline  due  to  the  air-deficiency  of  the  injector. 

Figure  4-7  provides  a  time- sequence  of  OH  images  for  the  HS  injector  at  a  doi 
1 .29.  It  can  be  seen  that  the  heat  release  process  “puffs,”  and  that  the  fiame  puffing 
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component  local  equivalence  ratios  on  where  the  flame  is  held. 

4.7  Velocity  Fields  In  Reacting  and  Storareaotlng  Flows 

LDV  was  used  to  make  measurements  of  the  gas  velocity  fields  in  both  reacting  and  nonreacting  flows. 
The  matrix  of  measurement  stations  was  as  described  in  Section  4.4.  For  the  HS  injector  the  operating 
conditions  at  which  measurements  were  taken  was  a  constant  airflow  of  500  slpm,  and  dome  equivalence 
ratios  of  0.72  and  1 .49;  for  the  nonreacting  cases  gaseous  nitrogen  was  substituted  for  the  propane  fuel. 

Isovels  of  mean  axial,  tangential  and  radial  velocity  components  for  the  HS  injector  at  equivalence 
ratios  of  0.72  and  1.49  are  given  in  Figure  4-8  and  Rgure  4-9,  respectively  [29.].  The  flame  at  0.72 
equivalence  ratio  was  attached  to  the  center  of  the  injector,  and  at  1 .49  equivalence  ratio  it  was  attached  to 
the  insert  jets  and  dome  film  cooling  (Figure  4-4  and  Figure  4-6). 
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A  sharp  annular  peak  in  axial  velocity  (Figure  4-8A)  was  evident  close  to  the  injector,  together  with  a 
small,  central  reverse  velocity.  This  peak  was  driven  by  main  injector  flow  (air  +  propane)  and  the  insert 
swirler  jet  airflows,  moving  between  the  central  recirculation  bubble  and  the  main  toroidal  recirculation  (see 
Figure  4-3) .  On  the  injector  centerline  close  to  the  discharge  there  was  a  reverse  velocity  of  5  m/s,  whereas 
the  nominal  one -dimensional  mean  velocity  leaving  the  primary  swirler  was  a  positive  23  m/s.  Momentum 
transfer  across  the  large  velocity  gradient  quickly  overcomes  the  reverse  flow  however.  Note  that  the  large, 
downstream  and  central  recirculation  bubble  seen  in  nonreacting  flow  (Figure  4-3)  was  not  evident  when 
combustion  was  present.  The  confining  influence  of  the  nonswirling  insert  jets  was  noticeable.  Little  of  the 
strongly-swirling  flow  from  the  injector  discharge  was  transmitted  to  the  outer  recirculation  regions.  The 
toroidal  recirculation  situated  in  the  combustor  comers  was  not  much  changed  in  size  by  the  heat  release  at 
this  equivalence  ratio,  but  was  of  quite  low  velocity.  This  toroidal  vortex  also  rotated  rather  slowly  around  the 
combustor  circumference.  Tangential  velocities  were  nearly  zero  by  100  mm  downstream.  The  magnitudes 
of  the  radial  velocity  components  were  all  rather  small  compared  to  the  axial  components  and  even  to  the 
tangential  components.  This  might  be  a  contributing  factor  for  the  strong  resemblance  to  the  Task  1 00 
research  combustor  characteristics.  Absolute  axial  and  tangential  RMS  values  of  velocity  were  similar  in 
both  value  and  distribution,  and  had  peaks  associated  with  the  shear  layers  of  the  annular  axial  velocity 
peak. 

At  1 .49  equivalence  ratio  (Figure  4—9)  the  general  flowfieid  in  terms  of  recirculation  regions  and 
general  characteristics,  was  similar  to  that  for  0.72  equivalence  ratio.  The  sharp  annular  peak  in  axial 
velocity  can  be  seen  to  decay  much  more  rapidly  than  for  the  lower  equivalence  ratio,  and  “lobing"  was 
evident  and  extensive.  As  a  result,  the  main  toroidal  vortex  was  widened.  The  radial  velocity  components 
were  low  for  both  equivalence  ratios,  but  had  different  patterns.  Again,  the  absolute  axial  and  tangential 
RMS  values  of  velocities  were  similar  in  magnitude  and  distribution.  The  velocity  field  differences  can  be 
associated  with  the  influences  of  heat  release  on  the  flow  velocities,  and  the  changes  in  flame  structure, 
Figure  4—4  and  Figure  4—6,  that  take  place  with  increasing  equivalence  ratio. 

4.8  Temperature  Fields 

Coherent  anti-Stokes  Raman  spectroscopy  (CARS)  in  a  folded  BOXCARS  phase  matching 
arrangement,  was  used  to  obtain  gas  temperature  measurements  at  equivalence  ratios  of  0.75, 1 .00, 1 .25 
and  1.50  for  the  HS  injector  [28.], [29.],  with  a  constant  airflow  of  500  slpm;  similarly  for  the  LS  injector  [27.]. 
The  CARS  lasers  and  spectrometer  were  remote  from  the  combustor,  and  fiber  optics  were  used  as  beam 
and  signal  carriers.  Where  the  large  temperature  gradients  existed,  closely -spaced  radial  traverses  were 
used,  similarly  to  the  LDV  measurements.  Temperature  data  were  taken  to  a  radius  of  30  mm  and  an  axial 
distance  of  about  300  mm.  Again,  image  rotation  was  used  to  obtain  symmetrical  displays  of  data. 

Figure  4-10  shows  the  isotherms  of  mean  temperatures  for  the  LS  injector,  and  Figure  4-11  shows 
them  for  the  HS  injector.  In  both  cases  the  isotherms  can  be  related  to  the  characteristic  flame  shapes  in 
Figure  4-5  and  Figure  4-4,  respectively. 
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For  the  LS  injector  at  the  lowest  equivalence  ratio  it  can  be  seen  that  the  lifted  flame  condition 
(Figure  4-5,  (|> ’s  of  0.78  and  0.71)  represented  mean  temperatures  of  1,000-1, 800°K  (Figure  4-10)  in  a 
parallel  band  across  the  combustor  from  about  85-130  mm  downstream  from  the  dome.  There  was  a 
toroidal  flame  at  over  2,000° K  about  165  mm  downstream.  This  toroidal  flame  may  be  associated  with  the 
remnants  of  the  downstream  centra!  recirculation  seen  in  Figure  4-3.  Temperatures  in  the  dome 
recirculation  were  about  1 ,200°  K. 

At  an  equivalence  ratio  of  unity  the  center- attached  flame  had  the  parallel  band  of  isotherms  across 
the  combustor  moved  closer  to  the  injector,  and  closer  together,  from  45  -  70  mm .  The  higher- temperature 
toriodal  flame  at  2,000°K  was  now  a  much  larger  flame  that  extended  from  75-270  mm  from  the  dome,  and 
filled  most  of  the  combustor;  it  had  a  cooler  central  core  extending  90— 1 65  mm. 

For  an  equivalence  ratio  of  1 .50  the  rich-attached  flame  had  strong  radial  temperature  gradients  in  the 
first  50  mm  downstream,  with  a  cool  central  region  (less  than  800°K)  and  temperatures  in  the  dome 
recirculation  of  1,600-1, 800°K.  These  may  be  associated  with  the  OH -distributions  seen  in  Figure  4-6 
showing  reaction  confined  to  the  outer  regions  of  the  flow. 

For  the  HS  injector  at  0.75  equivalence  ratio,  the  fully  developed,  attached  characteristic  flame 
(Figure  4-4)  had  a  somewhat  different  temperature  distribution  than  that  for  the  LS  injector  This  was  a 
consequence  of  the  higher  swirl  of  the  HS  injector.  The  central  isotherms  for  distances  closer  than  75  mm 
were  drawn  down  towards  the  injector.  This  was  due  to  the  influence  of  the  central  recirculation  shown  in 
Figure  4-3  and  evidenced  in  Figure  4-8.  Temperature  levels  were  very  similar  to  those  for  the  LS  injector 
There  was  a  central  high  temperature  region  extending  from  about  75-175  mm  where  levels  were  at  and 
above  2, 000 °K. 
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an  in  Figure  4-6. 
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Conservation  of  energy  requires  that  She  chemical  energy  supplied  by  the  fuel  be  converted  into 
thermal  energy  to  balance  a  negative  thermal  energy  storage.  Unfortunately,  the  amount  of  energy  that  was 
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Hr  =  mJhirrKut) 

where  the  incoming  thermal  energy  was  associated  with  the  incoming  mass  and  its  enthalpy,  and  the 
outgoing  thermal  energy  was  associated  with  incoming  mass  and  the  characteristics  of  the  considered 
control  volume,  (i.e.,  similar  to  upwinding).  This  approach  conserved  mass,  but  did  not  allow  kinetic 
energies  to  be  calculated.  However,  kinetic  energy  terms  in  these  flows  were  three  orders  of  magnitude 
smaller  than  the  thermal  energy  terms,  and  so  could  be  conveniently  neglected. 

The  calculated  local  heat  release  rate  was  normalized  by  the  volume  of  the  associated  control  volumes. 
Comparison  of  the  fields  of  volumetric  heat  release  rate  with  the  characteristic  flame  images,  Figure  4—4, 
shows  remarkable  similarity.  (This  approach  might  represent  a  feasible  alternative  method  of 
postprocessing  CFD  calculations  to  simulate  flames.  However,  note  that  the  maximum  energy  release  rate 
sites  do  not  coincide  exactly  with  the  visual  flam©  envelope.)  Figure  4—12  shows  the  comparisons;  the  units 
are  kJ  /  (m3s).  Not®  for  the  rich  flam©  at  1 .50  equivalence  ratio  there  is  a  separated  horizontal  band  of  energy 
release  at  about  125  mm  from  the  dome.  This  implies  that  unreacted  and  partially- reacted  fuel  from  the 
initial  flame  region  is  finding  an  additional  oxygen  source  for  some  further  reaction. 


Radial  Position  (mm) 
20 


a)<j>  =  0.75 


Figure  4  12.  Comparison  of  Digitized  CharaisterSBte  Flam©  images  with  Derived 

Distributions  for  Tim©— Mean  W©tam©trte  Energy  Rates  for  the  HS 

Bm|©©tar  at  Lean  and  Rich  Conditions 

Comparison  of  these  time- mean  distributions  of  energy  release  rate  with  the  instantaneous 
OH  -images,  Figure  4-6,  which  represent  another  way  of  portraying  where  reaction  is  taking  place  reveals 
good  general  agreement  for  equivalence  ratios  less  than  unity;  for  the  rich  flame  however,  there  are  some 
major  differences.  It  should  be  remembered  that  OH  can  be  persistent,  and  therefor®  can  be  subject  to 
convection  effects.  For  1.50  equivalence  ratio  the  OH  images  indicate  most  of  the  chemical  reaction  was 
taking  place  at  greater  radii  than  do  the  time— mean  energy  release  rat©  results. 
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A  comparison  of  the  integrated  energy  release  rat®  over  the  entire  domain  with  the  rate  c  energy 
supply  can  yield  a  combustion  efficiency  value.  Such  comparisons  will  not  b©  perfect  since  the  integrations 
are  limited  to  the  fields  of  view  of  the  original  temperature  and  velocity  measurements,  and,  there  was  no 
account  of  radiation  heat  losses.  The  comparisons  are  given  in  Table  4-2.  The  value  of  79  %  percent  for  0.75 
equivalence  ratio  is  felt  to  be  in  the  correct  rang©  to  be  expected. 

TaG§>0®  4—21.  Energy  C©Krepapl®®n@  fep  HS  Infester 


PM 

TtermaB  Energy 

CBs®mB©a5  Energy 

Appr®xt 

Reteassd,  (KtSJJ 

IntrodMoed  (fcW) 

Comfeysffism  Efficiency, 
% 

0.75 

16.3 

20.7 

78.74 

1.50 

8.9 

41.4 

21.50 

4.1®  Q®s  Sampling 

Some  very  limited  gas  sampling  was  undertaken  to  ascertain  the  gas  composition  in  the  all-important 
step-recirculation  zone.  On©  wall  of  the  combustor  was  replaced  by  aside-plate  containing  a  row  of  small 
holes  along  a  vertical  centerline.  A  Song  hypodermic  needle  was  inserted  through  these  holes,  and 
grab-samples  withdrawn.  The  samples  were  passed  to  a  gas  chromatograph.  Sampling  was  carried  out 
for  the  HS  injector  in  the  PW1 50  combustor  at  overall  equivalence  ratios  of  0.75  and  1 .50,  as  well  as  for  the 
PW1QQ  combustor. 

Three  common  sampling  positions  were  used  in  each  combustor,  and  these  positions  were  best 
related  to  flow  features  observed  in  the  combustors:  Z=Q  mm  and  R=30  mm  which  was  very  close  to  the 
origin  of  the  attached  flam©  in  the  PW100  combustor  (see  Figure  3-6);  Z=38  mm  and  R=4Q  mm,  which 
was  inline  with  but  considerably  upstream  of  the  step  vortex  center  in  isothermal  flow  in  the  PW100 
combustor;  and,  Z=78  mm  and  R=55  mm,  which  was  close  to  the  step  vortex  center  in  reacting  flow.  In  the 
PW150  combustor  these  co-ordinates  corresponded  respectively,  to  the  dome  cooling  region,  upstream 
in  the  toroidal  vortex,  and,  downstream  in  the  toroidal  vortex  (see  Figure  4-3). 

The  major  measured  species  are  given  in  Table  4-3  as  (dry)  mol©  percentages.  No  propane 
whatsoever  was  detected  in  either  of  the  combustors  at  any  location  for  either  of  the  equivalence  ratios.  In 
the  PW100  combustor  significant  quantities  of  methane  and  carbon  monoxide  (partial  products)  were 
detected  at  the  rich  condition;  for  the  lean  condition  with  a  lifted  flame,  only  combustion  products  of  carbon 
dioxide,  nitrogen  and  depleted  amounts  of  oxygen  were  measured.  For  the  HS  injector  in  the  PW150 
combustor  at  the  rich  condition,  only  small  amounts  of  carbon  monoxide  were  found  in  the  toroidal 
recirculation,  increasing  with  increase  in  downstream  position  and  radial  position.  At  the  lean  condition, 
only  combustion  products  were  measured. 
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Tab!©  4-3.  Gas  Sampling  of  Major  Spades  for  PW100  and  PW150  Combustors 


PW100  at  1 .50  Equivalence  Ratio 


Species 

Position  1 

Position  2 

Position  3 

CO 

9.0 

6.3 

8.2 

C02 

7.7 

9.4 

8.5 

N2 

81.1 

82.4 

80.8 

02 

1.2 

1.3 

1.6 

CH4 

1.0 

0.6 

0.8 

PW100  at  0.75  Equivalence 

Species 

Ratio 

Position  1 

Position  2 

Position  3 

CO 

— 

— 

_ 

C02 

7.1 

6.5 

7.9 

N2 

82.5 

80.5 

82.5 

02 

10.4 

13.0 

9.6 

CH4 

— 

- 

- 

PW150  at  1 .50  Equivalence  Ratio 

Species  Position  1 

Position  2 

Position  3 

CO 

- 

1.1 

4.6 

C02 

11.6 

8.3 

10.9 

N2 

82.5 

80.9 

79.6 

02 

5.9 

9.7 

4.9 

CH4 

— 

- 

- 

PW150  at  0.75  Equivalence  Ratio 

Species  Position  1 

Position  2 

Position  3 

CO 

— 

— 

_ 

C02 

6.5 

4.2 

7.1 

N2 

79.9 

80.4 

81.5 

02 

13.8 

15.4 

11.4 

CH4 

— 

_ 

EMltton  1  Z  =  0  mm,  R  =  30  mm;  Position  2  Z  =  38  mm,  R  =  40  mm 

Position  3  Z  =  76  mm,  R  =  55  mm. 

4.11  Blowout  Characteristics 

Blowout  data  for  the  HS  and  LS  injectors  in  isolation  (no  air  addition  other  than  through  the  dome)  were 
collected  in  the  PW150  combustor  with  an  L/D  of  4.9  and  an  outlet  blockage  plate  of  45  %,  [27.]. 

The  blowout  characteristics  for  the  two  injectors  are  shown  in  Figure  4-13  as  a  function  of  total 
volumetric  airflow  rate.  The  blowouts  should  be  related  to  the  characteristic  flame  shapes  given  in 
Figure  4-4  and  Figure  4-5. 

For  the  HS  injector  at  low  airflow  rates  (less  than  500  slpm),  the  flame  was  attached  at  blowout;  at 
higher  airflows  (greater  than  500  slpm),  the  flame  was  lifted  at  blowout,  even  with  the  high  swirl  of  this 
injector.  For  the  LS  injector  the  flame  was  always  lifted  at  blowout  for  airflows  down  to  200  slpm.  When  both 
flames  were  lifted,  there  was  essentially  no  difference  in  blowout  between  the  HS  and  LS  injectors.  For  lifted 
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flames,  the  stability  was  improved  (at  least  initially)  as  airflow  was  increased.  This  behavior  was  probably 
due  to  increased  turbulence  with  increased  Reynolds  number.  There  ar©  suggestions  in  the  data  that  for  the 
LS  injector,  the  improved  stability  was  reaching  its  limit  at  around  900  sipm  airflow,  prior  to  blowout 
equivalence  ratios  again  increasing  with  increasing  airflow  due  to  decreased  residence  times,  [28.] .  For  the 
HS  injector,  the  attached  flame  at  low  airflows  was  initially  very  stable  (by  a  factor  of  almost  2.0) ,  but  quickly 
lost  that  enhanced  stability  just  prior  to  lift  at  around  550  slpm  airflow. 
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Fig  or©  4“  1 3.  Stability  CterasteMScs  of  HS  and  LS  Fan®!  In|@ct®r@  In  the  PW1 5®  Combustor 


The  purpose  of  the 
fuel  injectors,  and  to 


operated  on  gaseous 
showed  the  differences 
similarities  with  th 


1 50  Combustor  was  to  study  the  combustion  characteristics  of  practical 
behavior  to  the  knowledge  of  LBQ  gained  in  the  PW  Task  100  Combustor, 
combustor  with  two  versions  (HS  and  LS)  of  an  airblast-atomizing  (but 
fuel  injector,  revealed  interesting  aspects  of  this  combustion  behavior,  and 
to  the  introduction  of  swirl.  Despite  these  differences,  there  were  many 
in  th©  PW  100  combustor. 


The  major  effect 
swirl,  the  more  compact 
bubble,  th©  shape  of  th© 
however,  over  a  ranqe 


compared  to  th©  PW100  combustor,  was  a  more  compact  flame;  the  more 
ihe  flame.  When  the  swirl  was  strong  enough  to  generate  a  central  separation 
flam®  at  some  operating  conditions  was  more  complex  than  for  weaker  swirl; 
conditions,  there  were  manv  similarities  in  flam®  shaoe  and  behavior. 
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SECTION  5.0 


GENERIC  GAS  TURBINE  COMBUSTOR  STUDIES: 
TASK  200  COMBUSTOR 


5.1  Intent 


The  primary  purpose  of  the  PW200  generic  gas  turbine  combustor  was  to  provide  an  experimental 
database  against  which  lean  blowout  modeling  of  various  types  might  be  evaluated  and  calibrated.  A 
secondary  purpose  was  to  develop  some  additional  experimental  insight  by  direct  observation  into  the  LBQ 
behavior  of  the  component  parts  and  flow  features,  studied  separately  in  the  PW100  and  PW150 
combustors,  when  they  are  assembled  into  a  practical  aircraft  gas  turbine  engine  combustion  system. 

5.2  PW  Task  200  Combustor  D®sSgm 

The  intent  of  the  PW200  combustor  placed  four  major  requirements  on  its  design:  First,  that  it  be  as 
close  to  a  real  aircraft  gas  turbine  combustor  as  possible  in  terms  of  LBO  characteristics  and  flowfield. 
Second,  that  it  be  flexible  enough  to  allow  sufficient  variation  in  relevant  geometry  and  flow  distribution  to 
afford  some  investigation  of  the  important  primary  zone  design  parameters,  such  as  equivalence  ratio  and 
residence  time.  Third,  that  adequate  optical  access  be  provided  so  that  direct  observation  and  application 
of  laser  diagnostics  might  yield  details  of  important  flow  features  and  their  role  in  providing  stability.  Fourth, 
that  the  layout  be  simple  to  avoid  geometry  complications  when  attempting  to  model  the  combustor.  These 
requirements  were  rather  stringent,  and  exerted  a  strong  influence  on  the  design  approach  and 
configuration  selected. 


The  aerothermodynamic  design  of  the  annular  combustor  that  served  as  the  reference  for  the  PW200 
combustor,  was  based  on  Pratt  &Whitney  commercial  engine  design  practice  circa  1 985,  which  was  current 
practice  when  this  contract  was  started.  For  the  PW200  combustor  the  configuration  adopted  was  a 
four -injector,  planar-section,  simplified— geometry  version  of  the  reference  combustor.  This  configuration 
represented  the  best  compromise  between  flow  realism,  optical  access  and  geometric  simplicity,  while 
being  commensurate  with  the  air  supplies  available.  The  fundamental  rig  design  to  accommodate  this 
combustor  was  carried  out  by  United  Technologies  Research  Center  (UTRC),  with  subsequent  on-site 
modifications  made  by  Wright  Laboratory  to  improve  handling,  access  and  window  durability.  The  rig 
design  attempted  to  incorporate  as  much  flexibility  as  possible. 


Figure  5  1  shows  a  cross-section  of  the  PW200  combustor  rig.  The  fuel  injectors  were  either  the  LS 
or  HS  injectors  described  above,  incorporating  the  modifications  for  gas  operation;  all  of  the  LBO  work  to  be 
described  was  carried  out  with  the  LS  injector  set.  The  upper  shroud,  dome,  and  lower  shroud  air  flows  were 
separately  -  metered  and  isolated  from  one-another  by  means  of  sonic  venturis.  Shroud  by-pass  valves 


Upper  and  lower  liners  were  removeable,  permitting  the  air  port  arrays  to  be  changed  as  desired.  Two 
domes  were  available,  one  a  plain  bulkhead  and  the  other  a  vertically -symmetrical  configuration  having 
filleted  upper  and  lower  comers,  as  illustrated  in  Figure  5-1.  Dome  cooling  was  provided  by  means  of 
impingement  jets,  with  the  spent  dome  cooling  air  being  discharged  at  the  dome/liner  interfaces  as  a  liner 
fHm.  Ignition  was  by  means  of  a  hydrogen -fueled  torch -ignitor  mounted  in  the  dome. 
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mechanism 


A  further  optical  path  was  provided  by  windows  in  the  base  of  the  rig  (Figure  5-1),  that  allowed  laser 
beam  access  to  a  high-speed  rotating  mirror  contained  by  the  dome  lower  fillet-piece,  and  extending 
across  the  width  of  the  dome.  Through  selectively-opened  vertical  slits  in  the  dome,  the  rotating  mirror 
could  scan  the  combustor  with  vertical,  planar  sheets  of  laser  light  for  imaging  purposes.  For  thermal 
protection,  the  mirror  cavity  was  purged  with  a  small,  pressure- balanced  and  continuous  flow  of  gaseous 
nitrogen. 

in  addition,  special  upper  and  lower  liners  made  of  fused  quartz  sheet  were  available  to  replace  the 
metal  liners  and  so  allow  direct  vertical  access  to  the  reacting  flow.  These  quartz  liners  contained  the  hole 
pattern  described  above  to  permit  normal  combustor  operation  with  them  present. 

5.3  Rig  and  Facility 

The  rig  was  mounted  horizontally  in  a  test  cell  (Room  20)  of  Wright  Laboratory,  Wright- Patterson  Air 
Force  Base,  Dayton,  Ohio,  where  the  LBQ  tests  and  laser  measurements  were  conducted  by  Wright 
Laboratory  personnel.  The  facility  and  rig  provided  flow,  metering  and  control,  of  air,  fuel,  nitrogen  and 
cooling  water  to  the  PW200  combustor;  combustion  products  were  collected  and  exhausted  from  the  cell 
by  means  of  existing  ducting.  A  schematic  flow  path  for  the  rig  and  facility  is  given  in  Figure  5-3. 


The  PW200  combustor  used  the  excess  nitrogen  dilution  technique  to  simulate  subatmospheric 
pressures,  as  described  above  (Section  3.4).  A  high-pressure  bottled  supply  of  gaseous  nitrogen  was 
used  for  this  purpose. 

The  PW200  combustor,  the  rig  and  facility,  are  described  in  Reference  30,  which  is  contained  in 
Appendix  J. 

5.4  Temperature  Fields 

Measurements  were  made  of  mean  and  fluctuating  temperatures  in  the  PW200  combustor  using  a 
hardened  LDA/CARS  system  that  was  mounted  under  and  on  either  side  of  the  test  section,  and  used  the  rig 
side  windows  for  access,  [30.] . 

The  CARS  system  is  described  in  detail  in  Reference  31,  and  briefly  as  presently  used,  in  folded 
BOXCARS  geometry,  in  Reference  32,  which  is  itseif  contained  in  Appendix  K. 

The  accuracy  of  the  CARS  temperature  determination  was  estimated  to  range  between  1 0  percent  at 
near-room  temperatures  and  5  percent  at  near-stoichiometric  flame  temperatures,  with  the  largest 


contribution  to  uncertainty  resulting  from  shot -to-shot  variation  in  the  Stokes -laser  spectral  dic  lbution. 
Sine®  it  took  considerable  elapsed  time  to  acquire  adequate  data  for  extensive  mapping,  repeatability  was 
not  determined  by  the  CARS  system,  but  by  the  constancy  of  the  combustor  air  and  fuel  flow  rates,  and  the 
precision  with  which  a  selected  operating  condition  could  be  set  and  held.  During  operation  both  the  fuel 
and  air  Hows  were  continuously  monitored,  and  were  electronically  controlled  to  within  5  percent. 

It  proved  to  be  difficult  to  fait®  CARS  measurements  over  extensive  regions  of  the  combustor.  In 
probing  the  central  regions  of  the  combustor,  i.©.,  between  the  central  pair  of  injectors,  unreliable  results 
were  obtained  because  of  insufficient  CARS  signal  strength.  The  lack  of  signal  strength  was  found  to  be  due 
to  turbulent  beam  -steering  as  the  laser  beams  passed  through  the  flows  associated  with  the  near-  pair  of 
fuel  injectors.  The  beam  steering  was  sufficient  to  prevent  the  essential  overlap  of  the  CARS  pump  and 
Stokes  beams.  Also,  holes  were  burned  in  the  combustor  windows  by  the  laser  beams  when  the  high 
intensity  laser  beam  focus  volume  was  approached  too  close  to  the  side  windows.  The  result  of  these  two 
difficulties  was  the  placing  of  rather  sever©  constraints  on  the  allowable  extents  of  the  measurement  fields. 

With  the  constraints  on  the  possible  measurement  grid,  a  horizontal  plane  through  th©  centerline  of  all 
four  injectors  (y  =  0  cm)  was  selected.  This  plan©  extended  transv®rsely  across  th®  combustor  from  the  axis 
of  symmetry  (x  =  0  cm)  to  1 1  cm  towards  th©  near-side  (to  the  laser  beam  source®)  combustor  wall.  It 
extended  axially  (z-axis)  from  1  -  15  cm  downstream  from  the  combustor  dome.  This  area  was  covered 


this  determination  are  given  in  Reference  32.  When  the  spurious,  side-wall  affected,  data  were  removed 
from  consideration,  only  fields  between  injectors  2  and  3  could  be  considered  as  being  reasonably 
representative  of  the  real  combustor.  The  narrow  regions  of  valid  data  are  represented  as  the  shaded  areas 
in  Figure  5-4. 

As  is  to  be  described  below,  the  normal  operating  mode  of  the  combustor  at  lean  blowout  was  a  lifted 
flame.  However,  an  attached  flame  condition  could  exist,  [30.],  and  it  was  interesting  because  of  its  quiet 
operation  and  improved  stability.  It  was  therefore  decided  to  make  the  temperature  measurements  to 
include  this  attached  flam©  condition. 

A  typical  engine  combustor  dome  flow  was  15  %  of  the  combustor  air,  so  this  was  selected  for  the 
temperature  measurements,  and  at  this  condition  a  primary  zone  airflow  rate  to  produce  an  attached  flame 
was  selected  from  the  map  below.  The  total  combustor  airflow  (all  four  injectors)  was  0.7383  Ibm/sec. 
(0.3350  kg/sec.) ,  with  a  primary  zone  airflow  (see  below  for  definitions)  of  0.1 422  Ibm/sec.  (0.0645  kg/sec.) ; 
there  was  no  excess  nitrogen  used,  and  the  fuel  was  gaseous  propane.  Observations  of  the  combustor  in 
operation  indicated  that  the  normal  lifted  flame  became  an  attached  flam®  at  0.69  primary  zone  equivalence 
ratio,  and  that  the  combustor  blew  out  for  this  airflow  at  just  less  than  0.60  equivalence  ratio,  from  an 
attached  flame  condition.  CARS  measurements  were  taken  for  a  propane  flow  rate  of  0.35  Ibm/min.  (0.1 588 
kg/min.). 

The  combustor  loading  for  these  conditions  was  a  low  one  so  that  the  flame  holding  was  confined  to 
the  primary  zone.  The  flam©  produced  was  not  an  attached  flame  in  the  region  of  valid  data.  It  was  an 
attached  flame  only  at  injectors  number  1  and  4;  at  injectors  number  2  and  3  it  was  a  lifted  flame.  The  effect 
was  traceable  to  the  sidewalls.  The  attachment  was  due  to  the  steeper  angle  of  the  first  row  combustion  air 
jets  forcing  air  from  the  jets  upstream  into  the  injector  jet,  as  is  to  be  described  below. 

Figure  5-5  shows  the  measured  mean  isotherms  on  the  horizontal  (to  the  left  of  the  figure)  and  vertical 
(to  the  right  of  the  figure)  cross-sectional  planes,  placed  with  the  horizontal  center  of  the  vertical  plane  at  its 
correct  downstream  position  (just  downstream  of  the  first  row  of  air  jets)  and  the  vertical  center  correctly 
aligned  with  an  injector  centerline.  The  vertical  plane  is  viewed  from  the  rear  of  the  combustor. 
Super— imposed  on  the  horizontal  plane  are  the  temperature  pdfs  at  each  measurement  point  in  the  plane. 
Note  that  the  measured  data  in  the  horizontal  plane  for  the  right-  hand  -side  of  injector  number  2  have  been 
flipped  to  the  left-hand-side  also.  The  symmetrical  image  so-formed  makes  it  easier  to  understand  the 
temperature  field  for  a  single  representative,  (see  Figure  5—4) ,  injector.  While  this  is  convenient,  it  should  be 
remembered  that  the  effects  of  swirl  introduce  some  asymmetries  in  reality.  For  the  LS  injectors  the  effective 
swirl  strength  is  low,  (see  Section  4.3),  so  that  any  asymmetries  would  not  be  especially  large.  The  data  in 
the  vertical  plane  are  not  flipped. 
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toftterms  of?  Measured  Meara  T@mp©rsifaF@s  fw  a  Lilted  Flam©  at  IM@ar-  Blowout 
In  tlhi®  PWMD  ComfeoMor 


Th®  flam®  shown  is  a  lifted  on®.  On  the  horizontal  plan®  th©  peak  gas  temperatures  of  around  1 500°  K 


swirling  axial  fuel/air  jet  is  such,  (see  Table  4-1),  that  some  jet-air  is  needed  for  combustion  to  taka  place 
In  the  vertical  olane  an  asymmetric  realon  of  hiah  temosratures  (about  1350-1400°W  could  bf 


injectors,  the  penetration  of  th©  lower  combustion  air  jet  was  not  so  evident  as  that  for  the  upper  air  jet  in  this 
(z  -  5  cm)  plane.  This  might  be  related  to  the  top  to  bottom  hole  effective  area  differences,  (see  Section  5.2), 
and  indicated  different  jet  trajectories,  top  to  bottom  of  th®  combustor,  (bottom  jets  have  greater  effective 


area.)  It  can  also  be  observed  that  between  injectors,  both  combustion  air  jets  can  be  seen  at  this  plane,  but 
again,  the  lower  jet  appeared  to  have  lesser  penetration  than  the  upper  one. 

Note  the  downstream  displacement  of  temperature  events  on  the  central  horizontal  plan®  at  the 
position  of  the  first  row  of  air  ports  due  to  the  initial  jet  trajectory  angles  not  being  normal  to  the  liner  surfaces. 
The  hot  gases  that  initially  moved  laterally  from  inline  with  the  injectors  then  entered  a  reverse  flow  region 
between  the  injectors.  They  were  mixed  with  jet  air  and  recirculated  back  upstream  to  the  combustor  dome 
at  tern  peratu  res  about  1150-1 200 °  K. 

Temperatures  downstream  of  the  first  row  of  combustion  air  jets  were  fairly  uniform  on  the  central 
horizontal  plane  at  1000-1200°K,  until  the  second  row  of  combustion  air  jets  was  encountered. 
Combustion  was  essentially  over  on  the  center  plane  when  the  second  row  of  combustion  air  jets  were 
added,  with  temperatures  falling  to  less  than  800°  K  downstream  of  them. 

The  flow  from  the  injectors  was  initially  cold  at  inlet  temperatures.  Temperature  increased  radially 
outwards  from  the  injector  centerlines  as  the  insert  swirler  jets  entrained  the  hot  gases  recirculated  to  the 
dome  from  downstream.  For  less  than  2  cm  downstream  the  local  temperatures  in  the  interior  of  these  jets 
was  about  750-8Q0°K.  By  2-3  cm  downstream  temperature  rise  was  evident  on  the  centerline  of  the 
injector  jets.  This  appeared  to  be  induced  by  the  interaction  with  the  combustion  air  jets,  and  did  not 
propagate  from  the  peripheral  shear  layers  associated  with  the  insert  swirler  jets. 

At  the  conditions  for  this  test  the  equivalence  ratio  of  the  flow  emerging  from  the  fuel  injector  was  1 .488, 
(using  the  LS  injector  effective  areas),  and  with  account  of  all  of  the  insert  swirler  air  it  would  have  fallen  to 
1.159.  All  of  the  insert  air  would  not  have  been  involved  however,  so  the  additional  air  for  combustion  had  to 
be  provided  by  the  reverse  flow  of  combustion  jet  air  from  the  local  recirculation  at  the  jet  confluence. 
(Compare  with  Figure  4- 10D)  for  the  PW150  combustor  where  the  LS  injector  had  no  transverse 
combustion  air  jets  with  which  to  interact.)  If  this  was  so,  then  the  reverse  flow  of  combustion  air  penetrated 
upstream  on  the  order  of  2-3  cm  on  the  centerline  of  the  injector  jet.  Such  a  penetration  would  introduce  an 
increased  radial  velocity  component  into  the  injector  jet,  causing  the  jet  to  open  in  angle. 

The  temperature  pdfs  in  the  region  of  the  injector  were  skewed  towards  the  lower  inlet  temperature, 
with  evidence  of  strong  intermittency  towards  the  jet  edges.  In  the  downstream  region  where  the  bulk  of  the 
heat  release  took  place,  the  probabilities  were  more  symmetrical  about  the  mean  temperatures.  For  the 
dome  recirculation  zones  they  showed  broadened  peaks  indicating  near-equal  probabilities  of  a  wide 
range  of  temperatures  as  poorly-mixed  combustion  products  and  unreacted  or  partially- reacted 
combustion  air  and  fuel  were  returned  together  towards  the  dome  region  by  the  reverse  flow.  The  isotherms 
indicate  that  some  chemical  reaction  took  place  in  this  recirculating  flow. 

Figure  5-6  shows  the  fluctuating  temperatures  expressed  as  a  local  intensity.  Highest  temperature 
intensities,  40-50  percent,  were  encountered  on  the  centerline  of  the  injector  jet,  and  in  the  flow 
recirculated  back  to  the  dome.  Intensities  in  the  insert  jets  were  about  30  percent,  and  rose  to  36—38 
percent  in  the  periphery  of  the  fuel  injector  jet  as  it  divided  about  the  combustion  air  jets.  In  the  reverse  flow 
region  immediately  upstream  of  the  first  row  combustion  air  jets  (where  the  highest  temperatures  were 
attained)  the  intensities  were  30  percent  or  less.  Downstream  of  the  second  row  of  combustion  air  jets  the 
temperature  fluctuations  increased  to  give  intensities  of  32-36  percent. 
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Figure  5-6.  ii 


i@tlteFKas  of  Kteasursd  PBUlgt 
©ar-BfewaiyS  In  the  PW20® 


The  attached  flam®  was  produced  by  air  being  strongly  red; 
the  first  row  combustion  air  jets.  This  was  a  much  more  vigorous 
from  a  change  in  combustion  air  jet  trajectory  to  nsar-vertica!  tl 
became  high,  either  by  increased  airflow  or  by  side-wall  interfe 


rculated  upstream  in  the  injector  jet  from 
effect  than  for  the  lifted  flame.  It  resulted 
lat  occurred  when  the  jet  dynamic  head 
rence  effects  in  the  shroud  at  fairly  high 


For  the  attached  flame  condition  the  axially-moving  fuel/air  ji 
centerline  within  the  first  centimeter  downstream  from  the  inj 
temperature  was  attained  within  2  cm.  There  was  a  widened 
temperature  gradient.  The  first  row  combustion  air  jet  inline  with  th 


ir  jet  flow  reached 
injection  plane,  ; 
s>d  “spray  angle" 
the  injector  penet 


1250  K  on  the  injector 
ind  the  peak  1500°K 
and  increased  radial 
rated  to  th©  combustor 


This  is  clearly  evident  in  the  isotherms.  It  was  this  increased  airjet  penetration  at  higher  combustor  airflow 
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Near  Blowosit  Sn  the  PW20©  Cembustor 
5.5  Flame  and  Characteristics 

Blowout  characteristics  of  th©  PW2Q0  combustor  with  the  LS  injectors  and  using  gaseous  propane  as 
fuel,  were  described  in  Reference  30,  which  is  attached  as  Appendix  J.  Th©  excess  nitrogen  technique  (see 
Section  3.4)  was  used  to  simulate  subatmospheric  pressures,  and  together  with  a  range  of  combustor 
airflows  at  ambient  inlet  temperatures,  to  vary  combustor  loading.  The  flexible  capabilities  of  the  rig  (see 
Sections  5.2  and  5.3)  were  used  to  vary  the  dome  flow  for  the  filleted  dome,  from  10  to  20  percent  of  the 
combustor  total  airflow.  Th©  shroud  by-pass  valves  were  set  to  an  appropriate  position  for  sufficient 
convective  cooling  of  the  liners  at  low  airflow  rates,  and  were  then  held  fixed.  The  hole  pattern  in  the  liners 
was  that  described  above  in  Section  5.2. 

For  zero  excess  nitrogen  and  15  percent  dome  flow,  th©  blowout  equivalence  ratio  increased  with 
increasing  primary  zone  airflow  and  eventually  showed  two  different  flam©  characteristics,  a  normal  “lifted 
flame,"  and  at  high  airflows,  an  “attached  flame.”  This  behavior  was  similar  in  appearance  to  that  seen  in 
the  PW100  combustor  (Section  3.5)  and  in  the  PW150  combustor  (Section  4.5).  However,  its  cause  in  the 
PW200  combustor  was  quite  different  from  that  in  the  PW100  combustor.  For  the  LS  injector  the  attached 
flame  condition  in  the  PW200  combustor  was  related  to  the  characteristic  flame  shape  seen  at  around  1.11 
equivalence  ratio  for  th©  injector  alone  in  Figure  4—5,  but  was  more  robust  (present  for  a  wider  range  of 
equivalence  ratios)  than  that  figure  would  suggest. 

The  attached  flame  in  the  PW200  combustor  was  connected  with  the  injector  local  stoichiometry 
distribution,  just  as  in  the  PW150  combustor.  However,  that  distribution  was  modified  by  the  PW200 
combustor  aerodynamics,  as  described  above  from  the  temperature  measurements,  to  give  the  attached 
flame.  The  modification  was  brought  about  by  relatively  small  changes  in  the  trajectory  of  the  first  row  of 
combustion  air  jets.  Increases  in  total  combustor  airflow  resulted  in  increases  in  the  pressure  drop  across 
the  combustor  liners  because  of  th©  fixed  position  of  shroud  by-pass  valves.  The  increased  liner  pressure 
drop  made  the  first  row  of  combustion  air  jet  enter  the  combustor  at  an  increasingly  steep  angle.  Since  the 
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first  row  of  air  jets  were  extremely  close-coupled  with  the  strongly- coherent  fuel/air  jets  that  flow:-  d  axially 
from  the  injectors,  the  local  stoichiometry  was  driven  into  the  flammable  range  by  these  jet  changes. 

As  the  attached  flame  appeared  there  was  a  small  improvement  in  stability,  and  the  combustion  noise 
was  noticeably  reduced.  Figure  5-8  shows  this  stability  behavior  at  atmospheric  pressure  for  the  15 
percent  dome  flow  case.  Note  that  the  attached  flam©  appears  for  a  primary  zone  airflow  of  0.0576  kg/sec. 
(0.127  lbm/s®c.).  The  appearances  of  the  respective  flames  can  b©  deduced  from  the  isotherms  displayed 
in  Figure  5-5  and  Figure  5-7.  Photographs  of  the  the  two  flam©  conditions  are  displayed  in  Figure  5-9. 
For  these  operating  conditions  both  flames  were  confined  to  the  primary  zone.  With  reference  to 
Figure  5-2,  the  airflow  distributions  were  defined  as  below: 


DOME  FLOW  =  15  %  Wab 


Primary  Zone  Airflow.  Ibm/sec. 


Figure  5-®.  InfloMnc®  of  Primary  Zoini©  Airflow  on  Flam©  iyp©  and  Blowout  at  Atmospheric 

Pressur©  for  IS  Psnssont  Bom©  Flow 


The  combustor  total  airflow  was  defined  as  the  sum  of  the  metered  dome  flow  and  the  calculated  jet 
flows  based  on  measured  pressure  drops  and  the  pre-established  hole  effective  areas,  i.e., 

The  dome  flow  was  made  up  of  the  injector,  insert  swirler  jets  and  dome  cooling  flows,  i.e., 

Wdomo  +W coding 

The  primary  zone  airflow  consisted  of  the  dome  flow  plus  27.9  percent  of  the  first  row  jet  air.  This  value 
of  primary  zone-active  jet  air  was  established  separately  [5.]  for  the  particular  primary  zone  aerodynamic 
flow  pattern  used.  Thus, 

w,,  +0.279W'.„ 

For  a  particular  run,  flow  split  information  was  established  at  the  set  point  without  combustion,  prior  to 
each  blowout  test  point. 

When  Figure  5-8  was  repeated  for  the  1 5  percent  dome  flow  at  the  same  residence  time,  (corrected  to 
zero  excess  nitrogen  conditions),  but  for  0.4  atmos.  equivalent  pressure,  the  attached  flame  and  the 
accompanying  local  improvement  in  stability  were  not  observed  in  the  flow  range  up  to  0.066  kg/sec.  (0. 1 45 
Ibm/sec.)  primary  zone  airflow,  as  Figure  5-10  shows. 


DOME  FLOW  =  15  %  Wab 


o.o  o.i  o.: 

Primary  Zone  Airflow,  Ibm/sec. 


Figure  5-10.  Influence  of  Primary  Zone  Airflow  on  Blowout  at  0.4  Atmospheres 
Equivalent  Pressure  for  1 5  Pereent  Dome  Flow 

The  attached  flame  was  most  prevalent  for  the  10  percent  dome  flow  case,  and  least  prevalent  for  the 
20  percent  dome  flow  case.  The  higher  dome  flow  resulted  in  an  increased  mean  dynamic  head  to  which  the 
combustion  air  jets  were  subject.  When  the  attached  flame  was  established,  it  would  exist  as  fuel  flow  rate 
was  reduced,  and  blowout  would  take  place  from  the  attached  condition.  The  effects  on  stability  and  noise 
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were  substantial,  as  Figure  5—10  illustrates  for  stability.  In  the  figure  the  overall  (combustor)  equivalence 
ratio  was  plotted  against  an  overall  loading  parameter.  The  loading  parameter  is  defined  in  general  in 
Section  3.7,  and  her©  the  volume  is  the  total  combustor  volume  and  the  mass  flow  rates  are  also  totals  for  the 
combustor. 

For  the  1 0  percent  dome  flow  case  the  two  flam®  types  that  can  exist  produced  dual  LBO  limits  over  a 
rang®  of  combustor  overall  loading  parameter,  that  depended  on  flame  type,  as  can  be  seen  in 
Figure  5—11.  Therefore,  the  stability  depended  on  how  the  loading  was  achieved  (based  on  Figure  5-8 
and  Figure  5-10).  Thus,  if  the  loading  was  achieved  at  atmospheric  pressure  by  means  of  high  airflow,  than 
attached  flames  would  b®  produced  and  stability  was  enhanced;  if  the  loading  was  achieved  at  low  airflow 
with  high  excess  nitrogen,  i.e.,  low  equivalent  pressures,  then  lifted  flames  would  be  produced  and  stability 
was  reduced.  This  behavior  arose  as  a  consequence  of  how  the  combustor  was  operated,  and  the 
close— coupled  primary  zone  design. 


DOME  FLOW  =  10%  Wab 
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The  flam®  structures  described  have  all  been  confined  to  the  primary  zone.  However,  as  combustor 
loading  was  increased  beyond  about  10.0  Ibm/sec.  ft^itmosn at  400 'K  forth©  10  percent  dome  flow  case, 
the  flame  was  observed  to  expand  beyond  the  primary  zone  as  defined  above.  This  was  because  of 
reduced  residence  time  or  inadequate  oxygen,  or  combinations  of  these,  at  the  higher  loadings.  Flam©  was 
seen  stabilized  on  the  combustion  air  jets.  For  jet— stabilized  flames,  the  blowout  equivalence  ratio  became 
independent  of  both  flam©  type  (attached  or  lifted)  and  dome  flow.  This  independence  is  not  surprising. 

This  characteristic  is  illustrated  in  Figure  5- 1 2  for  a  fixed  burning  zone  airflow  of  0.0454  kg/sec.  (0. 1 0 
Ibm/sec.).  A  “burning  zone”  was  defined  as  the  region  in  which  flame  existed.  Thus,  for  primary  zone  flames 
it  was  the  primary  zone;  for  extended  flames  involving  the  first  row  of  combustion  air  jets  the  burning  zone 
included  all  the  first  row  combustion  air  and  the  combustor  volume  containing  them  in  addition  to  the 
primary  zone;  and  so  on,  as  the  flam©  expanded  further  at  still  higher  loadings. 
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BURNING  ZONE  AIRFLOW  =  0.1  lbm/sec. 
EQUIV.  RATIOS  CORRECTED  TO  ZERO 


Figure  5  12.  Effect  of  Equivalent  Pressure  on  Blowout  at  Fixed  Airflow  for  10  and  20  Percent 
Dome  Flows,  Showing  Primary  Zone  Burning  and  Jet-Stahlllzed  Burning 

It  can  be  seen  from  Figure  5-12  that  increased  dome  flow  had  an  adverse  impact  on  stability  for 
primary  zone  burning,  and,  that  stability  was  lost  as  equivalent  pressure  was  reduced.  However,  for 
jet— stabilized  flames,  blowout  was  independent  of  dome  flow;  for  these  flames  blowout  was  improved  as 
equivalent  pressure  was  further  reduced.  The  changeover  from  primary  zone  burning  to  jet-stabilized 
burning  occurred  when  the  bulk  equivalence  ratio  in  the  primary  zone  reached  and  exceeded  a  value  of 
unity. 

The  expanding  flame  with  increased  combustor  loading  produced  a  saw-tooth  stability  curve  as 
flame-holding  was  progressively  transferred  down  the  combustor  from  jet-row  to  jet-row.  This  is 
illustrated  in  Figure  5-13  for  the  1 0  percent  dome  flow  combustor,  it  will  be  noted  from  this  figure  that  by 
this  means  the  maximum  value  of  overall  combustor  loading  attainable  (peak  heat  release  rat©)  was 
extended  to  very  respectable  values,  of  the  order  of  60  Ihm/sec.  ffiatmos."  at  400°  K.  This  is  the  same  kind 
of  performance  that  could  be  expected  from  a  spherical  well-stirred  reactor,  [33.]. 
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combustor  loadings  for  which  the  flam©  was  sti 

The  amount  of  air  introduced  in  the  dom®  i 
in  stability  occurring  as  dom©  airflow  was  increa 
combustor  overall  loading  was  increased,  and  ■ 


in  th®  primary  zone. 

x®rt®d  a  strong  influence  on  th®  stability,  with  a  loss 


was  transferred  from ' 


zone  to  1 


6.1  Intent 


SECTION  6.0 

MODELLING  CONSIDERATIONS 


The  modeling  effort  fell  into  four  parts:  First,  modeling  in  support  of  the  experimental  portion  of  the 
program,  to  provide  suitable  correlation  groups  for  comparison  purposes.  Second,  phenomenological 
modeling  of  LBO  to  provide  simple  analytical  expressions  to  be  used  in  quick  assessments  of  stability  for 
preliminary  design  purposes.  Third,  mathematical  modeling  of  LBO  to  provide  a  priori  calculation 
procedures  of  LBO  for  new  combustor  designs.  Finally,  a  hybrid  modeling  procedure  involving 
mathematical  modeling  of  fluid  dynamics  with  uncoupled  treatment  of  the  chemical  kinetics. 

6.2  Modeling  for  Data  Correlation 

A  traditional  approach  that  is  commonly  used  for  correlating  experimental  LBO  data  is  the  so-called 
air  loading  parameter,  defined  in  original  form  as, 


The  form  of  the  ALP  comes  from  a  consideration  of  perfectly-stirred  reactors,  [34.] 

For  gas  turbine  engines  use  of  this  expression  arises  from  the  assumption  that  flame  is  stabilized  in  the 
primary  zone  of  the  combustor,  and  that  the  primary  zone  may  be  treated  as  a  single,  well-stirred  reactor, 
(WSR).  This  approach  was  suggested  by  Bragg  [18.].  Later  modifications  recognized  the  influence  of 
reactant  inlet  temperature,  and  that  imperfect  mixing/aerodynamic/heat  loss  effects  could  influence  the 
value  of  the  reaction  order.  ALP  became  modified  to, 


where, 


ALP 


VPl£F 


3.72 


The  reduced  apparent  reaction  order  and  the  exponential  temperature  correction  to  400° K  reflect  the 
experimental  WSR  work  of  Longwel!  and  his  coworicers,  [20.]. 

Later,  Kretschmer  &  Odgers  [19.]  realized  that  the  apparent  reaction  order  for  a  global  equation 
seeking  to  represent  the  complex  actual  reaction  mechanism  for  hydrocarbon/air  systems  at  blowout 
conditions,  would  be  a  variable.  For  LBO’s,  they  modified  the  ALP  to, 


where, 


ALP 


Mgr 

VP”  F 


n  =  2§lbo 

For  correlating  LBO  data  in  the  PW100  combustor,  where  the  gaseous  propane  fuel  and  excess  gaseous 
nitrogen  diluent  exert  a  noticeable  effect  on  residence  time,  the  Kretschmer  &  Odgers  form  of  ALP  was 
modified  to  a  general  loading  parameter, 


where, 


LP 


VP”  F 


(6.1) 


mTo<  =  mf  +  ma  +  mm  and, 

n  =  2  $^0  /  (1  +  mm  /  ma  ) 
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premisring  prior  to  reaction,  even  though  the  fuel  and  air  in  each  case  were  introduced  into  the  combustors 
separately.  Therefore,  the  flames  in  these  combustors  could  be  considered,  to  first  order,  as  being 


occurs,  and  this  has  to  be  determined  in  some  way.  Generally,  this  form  is  more  conveniently  used  for 


can  be  used 


as  the  PW2O0  combustor,  when  it  is  applied  in  an  overall  sens® 
lilution  zone.  In  this  usage  the  volume  V  is  the  total  volume  and 


rat®  is  then  proportional  to  con 
»  occur  when  the  instantaneous 
nation  rate  is  a  typical  measure  oi 


strain  parameter 


srved  scalar  gradients.  Local  extinction  is 
cceeds  a  critical  value.  The  instantaneous 
It  represents  the  inverse  of  a  characteristic 


(ii)  the  relationship  of  the  local  turbulent  burning  velocity  of  the  mixture 
to  the  mean  flow  velocity, 

(iii)  the  influence  of  the  local  turbulence  on  mixing  rates  of  premixed 
reactants  with  the  products  of  combustion. 

Hence,  if  the  premixing  assumption  is  justified,  the  stability  of  gaseous,  turbulent  diffusion  flames  that 
are  lifted  can  be  characterized  by  the  mixing  of  small  eddies  of  premixed  reactants,  which  are  within  mixture 
flammability  limits,  with  small  eddies  of  hot  products  of  combustion  that  might  serve  as  ignition  sources 
[37.]. 

If  a  pair  of  such  eddies  come  into  contact  and  mix  very  quickly,  ignition  of  the  reactants  is  not  likely  due 
to  dilution.  Also,  the  resultant  temperature  of  the  mixed  eddies  could  be  below  the  ignition  temperature  of 
the  reactants.  For  hydrocarbon/air  mixtures  the  (hypothetical)  ignition  temperature  will  tend  towards  the 
burned  temperature  of  the  mixture,  [42.].  However,  if  the  rate  of  mixing  is  slow  enough,  then  hot  products 
can  ignite  reactants  before  dilution  and  cooling  are  completed,  and  a  flame  front  will  propagate  through  the 
reactants  eddy.  The  consumed  reactants  eddy,  now  another  hot  products  eddy,  can  then  serve  as  a  new 
ignition  source  for  another  reactants  eddy. 

With  this  conceptual  model  of  ignition,  propagation  of  the  flame  will  not  take  place  in  the  mixture  when 
the  rate  of  turbulent  mixing  between  the  small  eddies  is  greater  than  the  local  chemical  reaction  rate.  A 
stability  criterion  can  be  formulated  on  this  basis. 

Consider  the  turbulent  Bunsen  flame  shown  in  Figure  6-1 .  For  a  stable  flame,  the  volumetric  flow  rate 
of  mixture  supplied  must  equal  the  volumetric  flow  rate  of  mixture  burned.  Thus,  if  the  value  of  the  turbulent 
burning  velocity  ST,  is  uniform  over  the  surface  of  the  flame  brush, 


Now,  from  conservation  of  mass, 


so, 


Abub 


REACTANTS 
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\P  /  REACTANTS 

But,  for  100  percent  combustion  efficiency,  (^=j 


R 

is  equal  to  the  volumetric  reaction  rate,  RR. 


REACTANTS 


(6.2) 

For  a  lifted  flame  the  arguments  resulting  in  Equation  6.2  will  apply  to  the  eddies  in  the  flow  at  th©  base 
Thus, 


Rrr  =SA 


(6.3) 


where, 


Sine®  chemical  reactions  take  place  between  molecules,  th®  relevant  reactant  eddies  must  b©  those  in 
which  there  is  significant  molecular  mining.  In  a  turbulence  energy  spectrum,  high  molecular- level  mixing 
rates  are  achieved  where  dissipation  of  turbulence  kinetic  energy  is  a  maximum.  For  fully -developed 
turbulence  a  Reynolds  Number-independent  wave  number  kd,  can  be  identified  where  dissipation 
reaches  a  maximum.  This  wav®  number  is  usually  theoretically  related  to  the  Kolmogorov  eddy  length  scale 
rf ,  in  which  viscous  effects  become  very  strong  indeed  and  the  energy  appears  as  heat  in  the  fluid.  However, 
experimental  evidence  indicates  that  most  viscous  dissipation  occurs  at  kdr\  <0.5,  and  for  high  Reynolds 
Numbers,  kdr\  0.2.  Mixing  within  an  eddy  does  not  have  to  be  perfect  for  chemical  reaction  to  be 
initiated.  Note  also  that  heat  release  due  to  chemical  reaction  within  an  eddy  can  laminarize  the  fluid  within 
the  eddy  so  that  dissipation  does  to  zero,  even  though  the  eddy  size  may  be  larger  than  th®  Kolmogorov 
length  scale. 


Th©  Kolmogorov  length  scale  is  given  by, 

n=(v’/ef  <64> 

) 

where  e  is  the  dissipation  rat©  of  turbulence  kinetic  energy  and  v  is  th®  kinematic  viscosity  of  the  fluid.  So, 
the  wave  number  for  maximum  viscous  dissipation,  high -rate,  molecular  mixing  is  given  by, 


kD  =  0.2(e/v3)'/4 

Hence,  the  length  scale  of  th©  dissipation  eddies  of  interest  is  given  by, 

k^\nD 


(6.5) 


or, 

4  =5(v3/ej'‘  =5r|  (6,6) 

Since  such  eddies  are  five  times  th®  size  of  th®  Kolmogorov  eddies,  th®  burning  velocity  Sf  for  these 

eddies  could  b®  affected  by  th®  smaller  turbulent  eddies  present,  even  though  laminarization  within  the 
eddy  itself  could  take  place.  If  this  is  so,  a  burning  velocity  expression  of  the  Damkohler  type,  consisting  of 
two  components  involving  a  contribution  from  chemical  kinetics  and  a  fluid  dynamic  contribution,  is 
appropriate,  i.e., 

Sj  =SL  +ug' 


where, 


S  =  laminar  flame  speed 

Ue’  =  representative  turbulent  eddy  velocity  component  for  eddies  smaller  than 

the  dissipation  eddies,  and  moving  on  a  local  basis,  the  flame  front  formed 
around  the  dissipation  eddy 

With  this  definition,  ue  ’  would  represent  the  characteristic  velocities  of  all  eddies  equal  to  or  greater  in 

size  than  the  Kolmogorov  eddies,  but  smallerthan  the  dissipation  eddies.  Thus,  the  representative  turbulent 
dissipation  eddy  velocity  is, 


U’o  >  U’e  >  V 

where  y  is  the  velocity  of  the  Kolmogorov  eddies,  which  is  given  by, 

V  —  (ve) 1/4 

so  that  with  Equation  6.6  and  equilibrium  turbulence, 

Uo  =(5n*r 

giving, 


But,  using  Equation  6.7, 
Thus,  in  the  inequality  above, 


u’  =5 ?/s(ve),/4 

U'D  =1.711/ 


V<u’e  <1.711/ 

So,  if  the  Damkohler  expression  for  burning  is  written  in  the  form, 

^  =SL  +aV 

to  relate  to  the  Kolmogorov  eddies,  then, 


(6.7) 


(6.8) 

(6.9) 

(6.10) 
(6.11) 


giving, 


a 


V 


1.0  <.  a  <  1.71  (6.12) 

At  this  point  the  constant  a  cannot  be  determined  any  closer  than  the  inequality  6.12.  Hence  in  Equation 


tf„  =  k+a(ver]4.  (6.13) 

which  represents  the  chemical  reaction  time. 

Within  the  maximum  dissipation  range  of  wave  numbers,  the  mass  transfer  in  the  dissipation  eddies 
will  also  depend  on  the  molecular  motions  and  turbulent  motions,  similar  to  the  burning  velocity.  Thus,  the 
total  flux  of  chemical  species  j  in  the  direction  x,  is  given  by  a  Damkohler— like  expression, 


where  the  subscripts  m  and  t  denote  molecular  and  turbulent  transfer  respectively.  For  both  contributions 

the  form  of  Fick’s  law  of  diffusion  is  taken,  i.e.,  the  gradient  hypothesis  is  assumed  for  the  turbulent 
contribution.  Thus, 
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h”4  = 


where  D  is  a  diffusion  coefficient  for  j,  m  is  the  mean  mass  fraction  of  j,  and  F  is  a  turbulent  exchange 

j  j  1  'J 

coefficient  for  j,  related  to  a  turbulent  Schmidt  Number  <7,,  through, 

G,  =  V,/r,  (6.15) 

and  the  turbulent  viscosity  v„  is  obtained  through  the  eddy  viscosity  hypothesis  as, 

CK1 

,  » _ £ _  id  A  iO\ 


je  0.09,  and  K  is  the  kinetic  energy  of  turbulence. 


Thus,  the  total  mass  flux  of  species  j  in  the  direction  x,  is, 


. „  1  .  n 
m  =  pf-r-  D: 

L  Tot  1  3X  1 


;  +  r. 


ision  per  unit  leng' 


Rd,  is  given  by 


(6.17) 


Pj~c te 


where  /  is  the  length  over  which  diffusion  takes  place,  related  to  the  dissipation  eddy  size.  Using  Equations 
6.6  and  6.17,  this  expression  becomes, 

„  (D,  +ruK 


or,  with  Equations  6.15  and  6.16, 


which 


i  mixing  time. 


CUK 2 

i.  +  — t- — 

J>  o,e 
5(v3  /  e)% 


From  the  original  arguments,  the  flam©  will  be  extinguished  if  the  mixing  time,  represented  by  Equation 
6.18,  is  very  short  compared  to  the  chemical  reaction  time,  represented  by  Equation  6.13.  Alternatively,  if  the 
mixing  time  is  long  in  relation  to  the  chemical  reaction  time,  a  hot  eddy  of  burned  products  adjacent  to  a  cold 
eddy  of  fresh  reactants,  can  act  before  it  is  diluted,  as  an  ignition  source  for  the  cold  reactants,  thereby 
establishing  a  flam©  front  around  the  reactants  eddy.  Thus,  some  critical  ratio  of  these  two  times  exists;  let  it 
be  (3.  Then, 

CUK 2 


+  a(etX  (y3  /  £)J/ 


(6.19) 


i.©.,  the  ratio  of  the  reaction  time  to  mixing  time  greater  than  p  denotes  the  condition  for  flame  extinction,  p  is 
related  to  the  number-size  densities  of  the  hot  products  eddies  that  rang®  in  size  between  the  dissipation 
and  Kolmogorov  eddies,  and  which  act  as  ignition  sources. 
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Then, 


D  + 


C^K} 


0.2 


P  [SL  +  a(ev)I/4  (v3  /  e);/< 


>  1.0 


(6.20) 


A  limit  analysis  can  be  performed  as  follows  for  the  fine -grain  Kolmogorov  eddies,  which  are 
encountered  near  to  solid  surfaces  and  in  well-mixed  regions  of  a  flow.  In  boundary  layers  the  ratio  e  /  K 

ranges  from  a  few  hundred  to  a  few  thousand  sec.11 ,  and  on  the  solid  surfaces  e  -> «  due  to  the  no-slip 
condition.  Thus,  writing  Equation  6.20  in  the  form  of  a  stability  parameter,  SR 


cp  &2D  (6-21) 

0av 

Using  the  definitions  of  Schmidt  Number  and  kinematic  viscosity,  Equation  6.21  becomes, 

CD  _  0.2  (6.22) 

Pa -Sc 

where  Sc  is  the  molecular  Schmidt  Number. 

For  dilute  mixtures  of  propane  in  air  the  molecular  Schmidt  Number  is  1 .51 .  Thus,  from  Equation  6.22,  the 
limiting  value  of  (3a  is  obtained  as, 


pa  =0.1325  (6.23) 

Therefore,  substituting  Equation  6.23  into  6.20  gives, 


SP 


>  1.0 


(6.24) 


Equation  6.24  can  be  applied  on  a  point-by-point  basis  throughout  a  calculated  flowfield  to  establish 
were  a  flame  can  exist  or  is  extinguished. 

It  should  be  noted  that  a  is  not  a  true  constant,  but  can  be  shown  [43.]to  be  given  by, 


where  q  is  a  constant  lying  between  zero  and  unity,  and,  Qu  and  Qb  are  respectively  the  unburned  and 
burned  densities  of  the  fuel/air  mixture. 
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Sine®  any  real  turbulent  diffusion  or  partially  -  pram  ixed  flame  will  always  contain  a  mixture  of 
distributed  reaction  zones,  laminar  flamelsts  and  large-scale  structures,  it  is  instructive  to  compare  the 
stability  parameter  based  on  chemical  and  mixing  times  to  the  alternative  limiting  condition  of  the 
flame-stretch  approach  to  extinction.  This  is  especially  relevant  since  the  Kolmogorov  eddies  can  act  on 
the  maximum  dissipation  eddies,  and  locally  stretch  any  flame  front  formed  around  these  larger  eddies. 


$  d{In  A) 
S  f  dt 


§  =  flam©  thickness 


If  there  is  a  predominant  flow  direction,  as  in  jet  flames  for  example,  i.e.,  u-u(x),  then, 

c  _*>  A  du  6-25 

SL  dx 

This  is  known  as  the  Karlovte  Number,  KW,  [35.]. 

Now,  for  the  Kolmogorov  eddies  acting  on  the  dissipation  eddies, 

du  _  V 
dx  V 


Thus, 


du 

dx 


(ve),/4 

(v3/e)1/4 


=  (< z/v )12 


KN 


it  can  be  shown  [42.]  that  flam®  thickness  is  given  by, 


6  = 


k 

pCp 


-  Ti) 


(Tb  -  Tu)  SL 


where  subscripts  u,  b  and  i  respectively  signify  unbumed,  burned  and  ignition  conditions,  and  where, 


and, 


0  < 


(Tb-  n 

(Tb  -  r„) 


Q  =  2  for 


(T„-  T,) 

C Tb  -  Tu) 


=  0 


Q  =■  1  for 


(Tb-  r,) 

(Tb  -  Tu) 


=  1 


For  convenience,  the  Q  =  ]  condition  is  taken,  (this  implies  not  being  strictly  representative  for 
hydrocarbons).  Hence, 
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KN  = 

Introducing  Lewis  Number,  Le,  where, 

Le  = 

and  Schmidt  Number, 

KN  = 

or,  since  Le  ■  Sc  =  Pr,  the  Prandtl  Number, 

KN  = 

Hence, 

KN  = 


1  (e 


Vi 


’  PCP  s2 

\v, 

pepD 

k 

p 

1 

Le  •  Sc 

sl 

(ye)1/2 

Pr  •  S2 

V2 

if 


Pr-Sf 


6.26 


If  the  critical  Karlovitz  Number  is  around  unity,  (it  is  certainly  of  order  unity),  then  extinction  due  to  flame 
stretch  occurs  when  the  Kolmogorov  velocity  scale  becomes  equal  to  or  greater  than,  the  laminar  flame 
speed,  i.e., 

V2 


Pr  ■  S2 

Lt 


>  1.0 


6.27 


Equation  6.27  may  be  compared  with  Equation  6.24  in  the  case  of  “weak  turbulence."  Weak 
turbulence  is  typically  defined  as,  eddy  fluctuation  velocity,  u'  <  <  S|_  and,  u'  ->  V  ,  so  that  —  «  \  o 

and,  eddy  length  scale,  le  <  d  and,  4  ->  tj ,  so  that  —  <  1.0 

8 


Therefore,  for  weak  turbulence,  from  Equation  6.24, 

5, 


SL  1 

— —  +  1 

(ve)" 


1L 

V 


and 


so  that, 

SP 


1.5  DV 
vS, 


>  1.0 


Then,  introducing  Lewis  and  Prandtl  Numbers, 

V 


SP 

Squaring, 


1.5  Le 


Pr  ■  S  r 


>  1.0 


2.25 


Le2  V2 


Pr  Pr  ■  S2 

Li 


=  1.0 


6.28 
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should  agree  on  partiafly-pramixed  flame  extinction  in  regions  of  weak  turbulence.  In  regions  of  high 
dissipation,  SP  should  result  in  better  predictions  than  the  flame-stretch  criterion.  Both  approaches  require 
further  exploration,  evaluation  and  development. 

In  order  to  utilize  Expression  6.24,  a  description  of  laminar  flame  speed  is  needed  for  propane/air 
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of  a  choice  for  the  reactor  volume,  V.  This  choice  is  complicated  by  the  separate  introduction  of  the  fuel  and 
air,  and  by  the  lifted— flame  condition  of  this  combustor  as  LBO  was  approached. 

There  are  three  criteria  to  be  satisfied  in  a  choice  of  the  effective  reactor  volume:  First,  the  region  should 
be  “well-stirred,”  second,  the  fuel/air  mixture  in  the  well-stirred  region  must  be  inside  its  flammability 
limits,  and  third,  the  local  flow  velocity  should  not  exceed  the  burning  velocity  of  the  mixture. 

A  perfectly -stirred  reactor  is  defined  classically  as  a  steady  flow  of  perfectly-premixed  reactants  in  a 
reactor  within  which  there  exists  everywhere  uniform  chemical  composition  and  temperature  distributions 
that  are  identical  with  those  of  the  outgoing  stream.  It  has  been  observed  that  the  decay  of  a  mixture 
concentration  perturbation  in  a  perfectly-stirred  reactor  follows  an  exponential  law.  Turbulence  theory 
leads  to  the  observation  that  when  the  turbulent  motion  is  on  a  small  scale  and  is  locally  isotropic,  the  mixing 
results  in  an  exponential  decay  of  an  initial  concentration  nonuniformity.  Thus,  provided  Reynolds  analogy 
(velocity  and  concentrations  decay  simultaneously  in  a  turbulent  flow)  is  adopted,  application  of  turbulent 
mixing  concepts  to  reactor  flows  offers  a  way  to  define  well -stirred  regions  in  these  flows. 

Therefore,  following  Swithenbank  [21 .],  it  can  be  shown  as  follows,  that  for  mechanical  generation  of 
turbulence,  the  minimum  condition  for  a  perfectly -stirred  reactor  is  represented  by  the  resulting  pressure 
loss  factor. 

If,  in  a  turbulent  flow,  an  instantaneous  quantity  is  represented  by  the  sum  of  its  time- mean  and 
randomly  fluctuating  values, 

(j>  =4>  +(j)’ 

then,  <j)  ’  =  0  and  ,  and  if  u  represents  velocity,  the  total  turbulence  energy  spectrum  over  all 

wave  numbers  k ,  enables  the  kinetic  energy  of  turbulence  K,  to  be  found,  i.e., 

00 

K  =  j  E(k)dk  =  1/2  (m'^,  +  v'l^  +  <o'D  per  unit  mass  of  fluid 
0 


where  E(k)  is  the  average  amount  of  energy  of  the  turbulent  motion  between  k  and  dk ■  So,  for  isotropic 
turbulence, 


K  =  3  /  2  p  u’2  P®r  unit  volume,  where  for  convenience, 


u  =  u 


Production  of  turbulence  in  a  flow  by  means  of  some  mechanical  device  involves  a  loss  in  total 
pressure,  A P-  Thus,  the  efficiency  with  which  turbulence  is  produced  can  be  defined, 


3/  2pV2 
A  P 


If  ^  is  a  pressure  loss  factor,  defined  asAP/q,  where  AP  =  Pt  ±  P2  and  q,-\l  2p  w,2,  and, 

“section  1 "  is  defined  as  being  upstream  of  the  turbulence-producing  device,  and  “section  2”  is  sufficiently 
far  downstream  from  the  turbulence  generator  that  the  mean  velocity  profile  is  again  uniform,  then, 


AP  =£<?/=£•  1/2 ml 

so  that, 


=  3/2p*2  =  /^\  1 

€  ■  IfTpu-^  \ui)  £ 


6.35 


71 


Now,  for  100  percent  efficiency  in  turbulence  generation,  rjru  is  unity,  and  (u  /  u,  )  is  unity  also.  Thus, 
from  Equation  6.35, 


so  that, 


%  =3.0 

But  («’  /  u)  equal  to  unity  represents  the  condition  of  a  perfectly -stirred  reactor.  Hence,  the  condition  for  a 
perfectly -stirred  reactor  is  that, 

A  P 

- £3.0  6.36 

< l ' 

However,  with  a  direct  injection  of  gaseous  fuel  into  a  combustor  even  with  the  condition  represented 
by  Equation  6.36  satisfied,  “well -stirred0  conditions  are  not  achieved  immediately.  The  pressure  loss  is 
introduced  into  the  inlet  streams  via  some  geometric  means,  e.g.,  blockage,  sudden  expansion,  confluence 
of  two  impinging  jets  of  differing  initial  velocity,  etc.  As  a  result  of  this  mechanical  device  the  pressure  drop  is 
initially  converted  to  some  distortion  of  the  mean  velocity  profile.  The  energy  contained  in  this  distorted 
mean  velocity  profile  is  converted  to  turbulence  through  the  shear  generated  between  Sayers  of  differing 
velocity  in  the  profile.  The  turbulence  so -produced  transfers  energy  down  the  eddy  length  scale  range  by 
the  action  of  smaller  eddies  on  the  bigger  eddies  of  the  developing  turbulence,  until  this  energy  of  motion  is 
dissipated  eventually,  to  heat  by  the  action  of  molecular  viscosity.  When  this  condition  is  reached  for  all  of 
the  energy  introduced  into  the  flow,  the  full  pressure  loss  is  achieved.  Thus,  at  any  streamwise  station  in  the 
flow,  the  energy  associated  with  the  loss  will  exist  in  all  three  forms,  to  give  the  energy  balance, 


2 

AP_  _  KEjnmn  ,  <5/ u/_ j  ,  D_ 

q\  ~  q\  q\ 


6.37 


where  the  first  term  on  the  right-hand  side  is  the  loss  associated  with  the  mean  velocity  distortion,  the 
second  represents  the  turbulence  generated,  and  the  third  is  the  total  dissipation  of  turbulence  energy. 

Equation  6.37  can  be  used  to  establish  the  extent  of  the  well-stirred  reactor  existing  in  the  flow.  The 
discussion  is  limited  to  two-dimensional  flows  for  the  PW100  combustor. 


Far  downstream  where  the  full  loss  is  achieved,  the  distorted  profile  will  have  mixed  out  to  become 
uniform,  and  turbulence  will  have  dissipated;  however,  the  total  dissipation  will  reach  a  finite  number.  When 
this  so  the  asymptotic  condition  is  reached  where, 


A P_D_ 

*?/ 

Consider  the  distortion  of  the  mean  velocity  profile, 


6.38 


y  max 

KEmean  =  y  J  1/2  *  pAu2dy 

0 


where, 

A u  =  («,  ±  ww )  and  =  uM  (x,  y) 

y  =  cross-stream  co-ordinate  direction  over  which  U  varies 
x  =  streamwise  co-ordinate  direction 
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Hence, 


KE 


mean 


i 

ymax 


dy 


The  total  dissipation  per  unit  volume  is  the  rat®  of  dissipation  per  unit  volume,  (p  e) ,  multiplied  by  a 
time-scale  t,  i.e., 

dD  _ 


or, 


dx 


=  pe 


%>  A 

D  =  j  pedx  =  fj^dx 


6.39 


and  e  =8(x,y). 


The  dissipation  rate  can,  if  desired,  be  expressed  in  terms  of  the  turbulence  intensity.  The  rate  of 
energy  transfer  from  large  eddies  to  smaller  eddies  is  uT  /  lT,  where  uT  is  the  appropriate  eddy  velocity  scale 

and  lT  is  an  appropriate  eddy  length  scale.  In  the  smaller  eddies  the  energy  supply  rate  equals  the  energy 
dissipation  rate.  This  balance  implies, 

4  —uT  /  e 

The  eddies  of  interest  Eire  the  energy-containing  eddies,  so  that, 

uT  =  u ’  and  4  =  /, 


Thus, 


so  that  in  Equation  6.39, 


Generally, 


l  =  ty, 


where  A.  is  a  constant  less  than  unity,  and  is  typically  taken  as  0.03.  i.e., 


Hence, 


6.40 
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remembering  that  if  —u’(x,y) 


Now,  mixing  is  proportional  to  dissipation,  so  Equation  6.40  is  an  appropriate  basis  for  detarmining  the 
well-stirred  portion  of  a  flow.  However,  as  Equation  6.38  indicates,  the  maximum  value  of  D/  q,  is 

approached  asymptotically.  Therefore,  differentiating  Equation  6.40  yields, 

djp/q^  _  2  / u[\ 

dx  tymMC  \Mi/ 

which  depends  only  on  the  integrated  value  of  («’/«,)  ovary  at  each  x-station.  This  quantity  will  be  zero 


extent  of  the  well  -  stirred  region  in  a  reactor. 

It  is  not  necessary  for  d(D  /  q, )/  dx  to  be  zero.  Swithenbank  recommends, 

d(DI<h)  ^ 


d(xJy m) 


<  o.i 


mixing. 


variation  of  the  quantity  d{D!  q, )/  d(x  /  >’max ) 


The  total  pressure  loss  follows  a  square -law  relationship  with  flow  parameter  for  low  values  of  flow 
parameter,  (incompressible  flow).  From  the  two  pressure  loss  figures  it  can  be  noted  that  in  isothermal  flow 
the  effect  on  total  pressure  loss  of  jet  velocity  ratio  is  small,  as  is  combustor  exit  blockage;  heat  release 
increases  total  pressure  losses,  and  the  weak  effect  of  jet  velocity  ratio  is  more  noticeable. 


75 


Tha  PW100  combustor  is  basically  a  low— loss  device.  Its  pressure  loss  characteristics  indicate  that  it 
should  be  operated  at  high  values  of  flow  parameter  in  order  to  generate  sufficient  turbulence  to  contain 
extensive  well  -stirred  regions. 

CFD  was  used  to  assess  the  mixing  characteristics  within  the  PW100.  The  turbulence  description  was 
provided  by  the  familiar  J£±  £,  or  two-equation,  model.  CFD  can  be  extremely  convenient  for  this  purpose 
sine©  the  cod©  output  already  includes  dissipation  directly,  i.e.,  it  is  not  absolutely  necessary  to  use 
Equation  6.41,  and  this  can  avoid  any  length-scale  assumptions. 

To  apply  the  approach,  the  dissipation  gradient  has  to  be  assessed  in  streamwise  and  cross-stream 
directions  for  th©  axisym metric  flows  in  the  PW100  combustor.  The  method  adopted  was  to  make  a 
one-dimensional  application  in  each  co-ordinate  direction  along  computational  grid-lines  upon  which 
the  fiowfeld  was  calculated.  From  an  energy  balance  point  of  view  this  associates  th©  local  turbulence  with 
the  shear  generated  by  a  small  portion  of  the  appropriate  portion  of  the  distorted  mean  velocity  profile  about 
a  given  grid-line.  It  ignores  multidimensional  effects,  together  with  any  effects  due  to  convection  of 
turbulence,  and  is  therefore  consistent  with  Prandti’s  mixing  hypothesis. 

The  calculation  was  axisymmetrie.  TThe  mean  velocity  at  Station  1,  ^  ,  was  interpreted  as  illustrated  in 

Figure  6-7,  where  the  co-axial  fuel  and  air  jets,  and  the  combustor  step,  were  represented  as  the 
mechanical  device  inserted  in  a  hypothetical  undistorted  flow  existing  upstream  in  an  imaginary  inlet  of 
cross-section  equal  to  that  of  the  combustor.  The  fluctuating  velocity  u  ,  was  obtained  from  the  calculated 

K-field  with  the  assumption  of  isotropic  turbulence.  The  length  scale  X,  was  taken  as  3  percent  of  the 
combustor  diameter,  and  consistent  with  th©  isotropic  turbulence  assumption,  X  was  taken  to  be  constant 
in  both  co-ordinate  directions.  Equation  6.41  was  used  for  dissipation  gradient. 
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The  study  case  for  the  PW1QQ  combustor  was  as  follows:  The  air  jet  had  an  outer  diameter  of  40  mm 
and  was  concentric  with  a  29  mm  inner  diameter  fuel  jet;  the  combustor  diameter  was  1 50  mm  and  the  exit 
boundary  condition  (a  free  outlet)  was  placed  1.1m  downstream  from  the  step  (with  reference  to  Section  3, 
it  can  be  seen  that  this  represents  the  6.5  L/D  version).  The  airflow  was  78.26  kg/hr.  with  a  propane  flow  of  3 
kg/hr.  for  an  equivalence  ratio  of  0.6  repres©nting  an  LBO  condition;  both  jets  had  an  inlet  temperature  of 
293K.  The  initial  velocity  profiles  were  “top— hat”  in  shape.  TThs  flow  was  nonreacting  (because  of  the 
inability  of  the  combustion  model  then  available  to  calculate  a  lifted  flame) .  The  CFD  calculations  were  mr  J  * 
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attained.  For  example,  K  reaches  2.0  ni  Is1,  which  is  4.2  percent  of  its  maximum  well  inside  the  10.0 


contour  for  dissipation  gradient,  and  £  reaches  100.00  m2  / s\  which  is  1.0  percent  of  its  maximum,  well 
inside  the  10.0  contour  for  dissipation  gradient  of  Figure  6-12.  Most  of  the  mixing  in  the  PW1 00  combustor 


In  view  of  the  calculated  turbulence  levels  and  decay  characteristics,  which  were  confirmed  in  level  and 
trend  by  the  PW100  isothermal  turbulence  measurements  [8.]  shown  in  Appendix  C,  the  limiting  condition 
for  d(D/  c/,)/  d(x  /  )  was  taken  as  10.0. 


With  a  critical  dissipation  gradient  value  of  10.0,  and  account  of  feme -lift,  the  well-stirred  reactor 
volume  for  the  PW100  combustor  near  blowout  was  estimated.  The  resulting  well-stirred  reactor  volume 
was  about  44  percent  of  the  total  combustor  volume.  The  estimated  well-stirred  reactor  volume  was  used 
in  the  LBO  data  correlation,  via  Equation  6.1 .  It  was  also  used  in  a  well -stirred  reactor  code  (see  below)  to 
calculate  the  PW100  LBO  performance.  The  comparison  of  the  calculated  lean  stability  against  the 
correlated  data  is  shown  in  Figures— 14.  Treating  the  PW100  combustor  as  a  well— stirred  reactor,  via 
Equation  6.1  and  the  WSR  volume,  resulted  in  a  satisfactory  correlation  of  the  experimental  data.  The 
calculated  stability  via  the  WSR  code  using  the  estimated  WSR  volume,  produced  a  good  agreement  with 
the  correlated  LBO  data. 
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nonlinear  differential  equations  for  reaction  kinetics.  Even  with  a  robust  code  it  is  necessary  to  approach 
blowout  by  making  a  series  of  steps,  beginning  with  an  artificially  long  residence  time  or  high  equivalence 
ratio  with  benign  inlet  conditions  (elevated  mixture  temperature  and  pressure),  such  that  the  initial  value  for 


reducing  equivalence  ratio  and  operating  conditions,  as  blowout  is  approached.  This  is  necessc  .^ecsuse 
the  extinction  point  represents  a  singularity  that  causes  solution  algorithms  (Newton's  method  typically)  to 
become  more  i- conditioned  as  extinction  is  approached.  This,  in  turn,  prevents  convergence,  and 
requires  the  adoption  of  special  procedures  (predictor— corrector  approaches).  The  number  of  solutions  to 
reach  the  extinction  point  can  represent  a  severe  CPU  burden,  it  is  therefore  well— worthwhile  to  consider 
reducing  chemical  species  by  means  of  a  reduced  reaction  mechanism. 

Propane  was  selected  ss  the  gaseous  fuel  of  choice  for  the  present  study  (see  Section  2).  It’s  kinetic 
mechanism  has  been  feisty  well  established  relative  to  the  higher  hydrocarbons,  and  it’s  reaction  chemistry 
behavior  resembles  that  of  vaporized  JP  'fuels.  Some  of  the  propane  reduced  kinetic  mechanisms  evaluated 
here  are  contained  in  Table  6-1.  Reaction  mechanisms  are  usually  tested  against  their  ability  to  predict 
flame  speed,  not  their  ability  to  predict  extinction.  It  was  therefore  necessary  to  evaluate  these  mechanisms 
against  extinction  directly.  An  additional  mechanism  evaluated  preliminarily,  was  the  6-step  (global),  7 
species  mechanism  of  Jones  &  Lindstsdt  [47.].  Although  this  latter  mechanism  in  an  extinction  test  case 
gave  extinction  temperatures  in  close  agreement  with  those  obtained  from  the  Paczko  etel.  mechanisms, 
there  were  considerable  differences  in  minimum  residence  time,  and  it  manifested  some  unrealistic  species 
concentration  behavior  near  extinction.  Further  consideration  was  not  given  to  this  mechanism. 

With  reference  to  Table  6-1,  the  Coiitet  mechanism  [48.]  was  a  full  mechanism,  while  Pazcko  et  a/,  had 
a  partial  mechanism  that  contained  only  those  reaction  steps  that  were  considered  to  be  important  in 
high -temperature  flames.  The  reduced  mechanism  also  proposed  by  Pazcko  eta/.  ,  [49.],  consisted  of 
relatively  complex  algebraic  expressions  formed  by  the  judicious  application  of  partial-equilibrium  and 
steady-state  assumptions  to  the  elementary  reaction  steps.  Both  the  Edelman  &  Harsha  [50.]  and  Kollrack 
[51 .] ,  [52.]  mechanisms  were  quasi  -global  In  nature;  the  latter  mechanism  was  for  JP5  fuel.  It  was  adapted 
for  propane  simulation  by  both  substituting  propan®  thermodynamics  for  JP5  thermodynamics,  and  by 
modifying  the  global  steps  for  the  appropriate  C:H  ratio.  The  Kretschmer  &  Qdgers  [53.]  empirical 
expression  was  based  on  a  one-step  stoichiometry  relationship  for  propane;  it  was  calibrated  to  blowout 
data  from  stirred  reactors. 


The  reaction  mechanisms  given  in  Table  6-1  were  incorporated  into  a  well -stirred  reactor  code  in 
order  to  examine  the  accuracy  of  toe  various  mechanisms  in  the  limit  of  extinction.  The  code  selected  for  this 
purpose  was  the  PSR/CMEMKIN  li  cod©  [54.].  In  the  CHEMKIN  cod©  the  system  of  nonlinear  equations  is 
solved  by  a  modified  damped  Newton  algorithm,  if  the  Newton  algorithm  fails  to  converge,  the  solution 
estimate  is  conditioned  by  a  time-integration  procedure  that  provides  initial  estimates  which  are  more  likely 
to  b©  within  the  domain  of  convergence  for  Newton’s  method,  (continuation  method).  The  continuation 
method  Is  a  “predictor-solver’  strategy,  where  the  predictor  component  Is  Euler’s  technique  and  the  solver 
component  is  Newton’s  iterative  method.  Despite  the  generally  robust  convergence  conferred  by  these 
features,  it  was  necessary  to  introduce  further  special  modifications  to  the  convergence  algorithms  when 
the  cod®  was  used  in  the  limit  of  extinction. 

The  reaction  behavior  of  premixed  to©!  and  oxidant  can  bs  conveniently  characterized  by  a  plot  of 
reaction  temperature  versus  reactor  residence  time.  The  behavior  in  this  form  follows  an  S-shaped  curve, 
as  is  illustrated  in  Figure  S-1S.  From  the  dtemteaily  faosen  state  an  increase  in  residence  time  allows 
weak  and  slow  chemical  reactions  to  occur.  Eventually,  a  point  is  reached  (the  Igraltta  state)  where  the  rate 
of  heat  release  by  chemical  reaction  is  greater  than  heat  transport  out  of  the  reactor.  This  allows  a  rapid 
increase  in  temperature,  which,  via  the  exponential  temperature  dependency  of  Arrhenius  kinetics,  induces 
a  coupled  increase  in  reaction  rat®.  Eventually,  the  reaction  rat©  is  high  enough  that  significant  reaction 
occurs  within  the  reactor,  and  the  equflHbriraro  stafi®  is  approached.  The  exttoetan  state  represents  a 
condition  where  intense  burning  is  not  possible,  such  that  th©  rate  of  heat  release  is  no  longer  sufficient  for 
an  appreciable  amount  of  reaction  to  occur  in  the  available  residence  time.  Between  th©  extinction  and 
ignition  states  is  a  region  o>  nonphysical  solutions.  The  transition  between  upper  and  lower  branches  of  the 
reaction  curve  occurs  precipitously. 
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20  to  50  steady  state  solutions  may  be  required  to  find  the  ©sanction  point  along  th©  reacting  branch  of  th© 
bifurcastion  curve. 
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For  various  reaction  mechanisms  the  determinant 
branch  of  the  reaction  curve,  and  negative  on  the  inten 


the  Jacobian  matrix  is  positive  on  the  upper 
diate  branch.  The  extinction  point  is  therefore 
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the  degree  of  si 
where  q  is  also 


of  a  damping  factor  applied  to  the  updating  of 

A*„w  =?(A  sM) 

tion  of  the  number  of  Newton  iterations  for  the 
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previous  (old)  solution.  If  the  Newton 
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Considering  the  logarithmic  scales  used  in  Figure  6-19,  the  agreement  of  the  calculations  with  the 
measurements  is  not  especially  good,  although  it  is  qualitatively  correct.  However,  given  the  nature  of 
blowout  experiments  there  will  always  be  some  scatter  in  the  experimental  data  that  is  being  compared 
against.  Furthermore,  the  “well -stirred  reactor”  used  in  the  experiments  may  not  have  been  a 
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from  the  experimental  reactor  are  also  a  factor  that  could  influence  predictive  accuracy.  All  in  all,  the  full 
mechanism  was  considered  to  have  performed  well. 
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accuracy  by 


not  predict  either  flame-lift  or  blowout  as  these  are  beyond  its  capabilities.  The  overall  time  for  a  single 
iteration  in  this  calculation  was  1 .3  CPU  seconds  on  the  IBM  3080  platform.  This  is  virtually  the  same  as  the 

'  ‘  H 

di 


to  be  repeated  for  the  complete  mesh  at  each  iteration  required  for  the  gas-phase  flow-field  solution.  It 
would  also  be  necessary  as  part  of  this  flow-field,  to  solve  additional  transport  equations  for  each  of  the 
chemical  species  involved  in  the  kinetic  mechanism,  i.e.,  51  of  them  for  the  Colket  mechanism.  The  form  of 
the  transport  equation  is, 

a  / _ _  dmA 

to,  -  Teg  I  -  S«, 

where  j  denotes  chemical  species,  m.  is  the  time-mean  mass  fraction  of  / ,  and  S-.  is  a  species  source 
term;  r  is  a  turbulent  exchange  coefficient.  This  also  results  in  a  significant  increase  in  the  computational 
burden. 


Figure  S-20  compares  the  experirr 
mechanism  and  the  Paczko  at  al.  “partial”  mechanism  (29  species  and  76  single-step  reactions;  rate 
constants  were  for  1  atmos.).  The  calculated  stability  loops  for  the  Colket  and  Paczko  ef  al.  mechanisms  are 
in  dose  agreement.  Unfortunately,  these  mechanisms  both  over-estimate  the  measured  peak  heat  release 
condition  by  a  factor  of  four  in  air  loading  parameter.  Closer  consideration  of  Figure  6-1©  suggests  that  the 
Colket  mechanism  might  also  over-estimate  the  peak  heat  release  rate  condition  for  the  Hottel  et  al. 
reactor,  although  by  not  as  much  as  in  Figure  6-20.  The  experimental  stability  loops  of  Clarke  etal.  and 
Hottel  etal.  are  in  reasonable  agreement 
loss  on  their  data,  indicative  of  less  than  p 
greater  than  about  5  percent.  Both  these  eireos  wouia  ran 
However,  it  is  doubtful  that  heat  losses  or  reactor  mixin 
entirely  for  the  significant  discrepancy  between  calcula 
separate  physical  phenomenon  might  have  controlled  olol 


reactors;  for  example,  acoustic  oscillations  or  combustion-driven  instabilities.  Such  oscillations  and 
instabilities  can  occur  in  WSR  experiments,  although  non©  were  reported  in  the  cited  experiments. 


10.0 


< 

cr 


LU 

o 


I 

3 

a 

in 


1.0 


0.1 


© 

®  Gr - A— _ 

CLARKE.  ET  AL.  DATA 

COLKET  MECHANISM 

PACZKO,  ET  AL.  MECHANISM 

^  ©©  ^ 

©  * 

Q  ©  © 

10 


10 


AIR  LOADING  PARAMETER  (gmol  £!r/ssc-li?Gr*3tm  1-®) 


FSgure  ©- 1 .  ComparSsan  off  Stability  Loops  Caleylated  with  CoMcet  “Fyl8”  arad 
Paezto  et  al.  “Partial”  ffeeha6i)llsmgs  Agates!  the  WSR  Experiments 
off  Giarte  et  al.  (injector  A) 


(It  should  he  noted  that  more  recent  WSR  experiments  [62.]  ar©  indicating  that  higher  peak  heat 
release  rates  can  be  achieved  than  those  demonstrated  by  the  Hottel  et  al.  and  Clarke  et  al.  experiments; 
however,  the  differences  between  the  earlier  and  more  modem  reactors  would  have  to  b©  thoroughly 
researched  to  definitively  resolve  this  issue.) 

A  more  plausible  explanation  for  the  sources  of  predictive  inaccuracy  is  that  the  hydrocarbon  kinetic 
mechanisms  are  inadequate  in  some  way.  This  inadequacy  could  be  in  postulated  reaction  pathways,  or 
inaccuracies  in  the  experimental  rate  constants.  Rat®  constants  in  particular,  are  normally  evaluated  at 
conditions  well— removed  from  blowout,  and  may  not  be  applicable  over  wide  ranges  of  conditions. 

NO  TAG  compares  the  Clarke  et  al.  experimental  blowout  data  with  calculated  blowout  for  all  of  the 
mechanisms  given  in  NO  TAG,  except  for  the  Kretschmer  &  Odgers  mechanism.  The  Kollrack  mechanism 
was  applied  in  two  ways:  as  is  with  propane  thermodynamics,  and  additionally,  with  reaction  steps  modified 
for  the  propane  C:H  ratio. 
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©  CJarke,  el  at..  Data 
— B—  Co&eJ 

--<£>*“  Psczko,  el  at.,  "Fuir  Mecfisnism 

Ec'elman  and  Harsha  Ouasi-GIchaS  Mechanism 
—"S”'’  Kollrack  Quasl-Global  Mecharusm  Modified  for  Propane  Global  Clremistry 

Koilracft  Mechanism  wilh  JP-5  Global  Chemistry  and  Propane  Tbennodynamic  Coefficients 
— paczfco,  at.,  Reduced  Mechanism 


Air  Loading  Parameter  (gmol  air/sec-liter-atm1 8) 


FSguir©  6-21 „  C©rapar8s©mi  @f  &qp@rSiwsiiT]fa!  Data  ®f  Clark®  ®t  al.  (lnj©st@r  A)  A§ stost 
Caleytated  Stability  Uslinif  R®a©t8®ira  ifesliairstems  ©ffTay®  6-1 

For  rich  blowouts,  the  Edelman  &  Harsha  quasi-global  mechanisms  gave  trends  that  were 
qualitatively  incorrect.  Only  th©  Colket  and  Paczko  ©fa/,  “full”  and  "reduced”  mechanisms  were  qualitatively 
correct,  but  were  substantially  in  error  quantitatively.  For  lean  blowouts  the  Kollrack  mechanism  with 
propane  thermodynamics  and  modified  reaction  steps,  and  the  Edelman  &.  Harsha  mechanisms  were  both 
seriously  in  error.  The  Kollrack  mechanism  with  only  propane  thermodynamics  was  in  good  agreement  with 
the  experimental  data,  although  there  was  some  fall-off  at  very  low  values  of  air  loading  parameter. 

The  Kretschmer  &  Odgers  7  species,  1  step  mechanism  was  based  on  the  stoichiometry  relationship, 
<( )Q//8  +  5(0,  +aN2)  -$3er\C02  +  4er|//,0  +  (0  ±er))C,//8  +  5(l  ±r|)02  +5aN2  6.43 

where, 

(j>  =  molar  equivalence  ratio 
a  =  3.762  moles  of  Njmol®  O,  in  air 
r|  =  <f>  for  0  ^  i 
=  1  for  0  >1 

£  =  fractional  (oxidant)  consumption  efficiency 

The  reaction  rate  expression  was  given  in  terms  of  the  molar  rate  of  disappearance  of  oxygen,  as, 
±r„  =  =  K,r  exp[±T„  /  T]Cr(?a  6.44 

where, 

r()  =  molar  rate  of  disappearance  of  oxidant  (gmol  02/lter-sec.) 

CF  =  molar  concentration  of  fuel  (gmo!  C,//K /liter) 

C  =  molar  concentration  of  oxidant  (gmol  0,/liter) 
t  =  time  (sec.) 

k  =  preexponential  factor  based  on  oxidant 
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=  1.29x  10'° 


(liters)**' *' 
(K)m(gmol)a+fili  (sec.) 


T  =  temperature  (K) 

m  -  exponent  on  temperature 

a,p  =exponents  on  the  reactant  concentrations 

=  activation  temperature  (i.e.,  activation  energy  divided  by  the  gas  constant;  in 
units  of  K) 


For  use  with  blowout  curves,  the  reaction  rate  equation  was  couched  in  terms  of  an  air  loading 
parameter: 


ws  =  t  (Tn  +  tATT\exp  -r^/(rfa  +)eAT)YJ2x"J2  6.45 

where, 


*F 


=  mole  fraction  of  fuel  = 


<[)  ±£Tj 

5(a  + 1)  +  0  +  er| 


6.46 


=  mole  fraction  of  oxygen  = 


5(1  +£T|) 

5(a  +  1)  +  <[>  +  £T| 


6.47 


n  =  overai!  reaction  order  =  a  +  P 
=  20  for  0  ^  1 
=  2/0  for  0  >1 

91  =  universal  gas  constant  =  0.08205  atm-liter/gmol-K 
Tm  =  inlet  temperature  (K) 

AT  =  “undissociated”  adiabatic  temperature  rise  (K) 

V  =  reactor  volume  (liter) 

P  =  static  pressure  in  reactor  (atm.) 

N  =  molar  flow  rate  of  air  into  the  reactor  (gmol  air/sec.) 

The  expression  was  calibrated  by  Kretschmer  &  Odgers  to  blowout  data  by  tabulating  values  of  the 
adiabatic  temperature  rise  (AT) ,  the  activation  temperature  (Tm  ) ,  and  the  fractional  oxygen  consumption 

efficiency  (e  )  as  a  function  of  inlet  temperature  (Tm  )  and  the  inlet  equivalence  ratio  (0 ) .  The  tabulation  was 

from  temperatures  of  300  to  900°K  and  equivalence  ratios  from  0.4  to  2.0,  although  reliable  confirmation  for 
equivalence  ratios  greater  than  unity  could  not  be  obtained. 


Extinction  calculations  using  Equation  6.45  are  compared  to  the  WSR  data  of  Clarke  etal.  for  “Injectors 
A  and  D,”  in  Figure  6-22  and  Figure  6-23,  respectively.  The  calibrated  expression  attains  better  predictive 
accuracy  than  that  exhibited  by  the  multistep  mechanisms.  It  s  performance  represents  the  minimum  level 
of  accuracy  which  other  mechanisms  or  techniques  should match  in  order  to  be  considered  for  extinction 
calculations. 
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©  COMBUSTOR  D  DATA  FROM  CLARKE.  ET  AL 
^'CALCULATION  USING  KRETSCHMER  AND  OOGERS 


EXPRESSION 


weiRi  ysitog  a  Odgire  Cafcrated  Mechanism 


sipfiTOim  i*o 


The  Eddy  Dissipation  Concept  (EDC)  of  Magnussen  [63.],  [41.],  [64.-68.],  is  a  general  model  for 


reactants,  occur  within  the  fine  eddy  structures  of  length  scale  of  up  to  a  few  times  that  of  the 
w  eddies.  T! 


The  EDC  mode!  partitions  the  fluid  into  fin©  structures  that  define  th®  well-stirred  reactors,  and  the 
“surrounding  fluid,”  which  includes  a!!  of  th©  remaining  fluid  regardless  of  turbulence  scale.  AS  befits 
well-stirred  reactors,  th©  fine  structures  ar©  assumed  to  have  a  uniform  internal  composition  and 
temperature,  both  of  which  are  determined  by  th©  progress  of  the  reactions  taking  place  in  these  structures. 
Since  the  scale  of  the  fine  structures  would  normally  be  below  that  which  could  be  resolved  by  any 
reasonable  GFD  computational  grid,  th©  fin©  structure  reactors  ar®  referred  to  as  subgrid  scale  reactors. 
The  composition  and  temperature  of  th®  “surroursdlmg  fluid"  constitute  th©  feed -stream  conditions  to  the 
subgrid  seal®  reactors. 

To  b©  able  to  model  the  chamical  reactions  occurring  within  th®  well-stirred  reactors,  it  is  necessary  to 
know  th®  fine-seal©  structure  volume,  as  wall  as  ft©  mass  exchange  rat©  between  th©  in®  structures  and 
th®  surrounding  fluid.  Th©  model  supplies  a  system  of  equations  that  describss  th®  chemical  reactioi  i 
process  within  th©  fin© -structure  reactors,  and  then  relates  the  microscale  parameters  to  th© 
ensemble -averaged  mean  flowfield.  Th©  ©ns®mbl®-av©raged  m©an  scalar  quantities  ar©  determined  by 
an  appropriate  linear  combination  of  ft©  fine -structure  and  surrounding -fluid  characteristics.  Th©  set  of 
EDC  model  equations,  in  conjunction  with  a  stirred  reactor  calculation  methodology  and  “full'1  chemical 
kinetics,  may  be  solved  for  the  fine  structure  and  surrounding  -fluid  regions  of  ©very  computational  cell  of 
th®  grid  in  th®  flowfield  domain.  Th©  local  hydrodynamic  tim©  scales  or  resid©nc©  times  corresponding  to 
the  fine  structure  eddies,  may  be  calculated  from  th©  information  supplied  through  th®  turbulence  mods!  in 
th©  CFD  cod®.  By  calculating  th©  relevant  chemical  tim©  seal©  at  extinction  and  comparing  it  to  th© 
hydrodynamic  equivalent,  computation  could  b©  mad®  of  local  regions  of  extinction.  Hteneo,  a  CFD  cod® 
containing  th©  EDC  combustion  modal  potentially  might  b©  capable  of  simulating  th©  phenomena  of 
flam® -lift  and  blowout. 


molecular- level  mixing  of  reactants.  In  Section  6.3,  molecular- level  mixing  was  associated  with  eddies 
where  dissipation  of  turbulence  kinetic  energy  was  a  maximum.  Assumptions  were  mad©  that  chemical 
reaction  could  be  initiated  with  less -than -perfect  molecular  mixing  within  an  eddy  and,  that  laminarization 
of  eddy  internal  flow  due  to  heat  release  could  reduce  further  dissipation  to  zero.  With  these  assumptions, 
experimental  evidence  for  high  Reynolds  Number  flows  was  used  to  provide  a  relationship  between  the 
length  of  maximum  dissipation  eddies  and  the  Kolmogorov  eddies,  i.e.,  Equation  6.S, 

lD  =  5jy  6.49 

The  assumption  is  made  that  the  rate  of  energy  supply  to  the  small  eddies  of  a  turbulent  motion  is  equal 
to  the  dissipation  rate  of  this  energy  to  heat,  viath©  action  of  viscosity.  Thus,  the  net  rate  of  change  is  less 
than  the  energy  dissipation  rat©  and  so,  by  dimensional  reasoning  the  Kolmogorov  scales  are  established 
as, 

length:  /  3  ,  V'4 

a  r|  =  (v  /  e  J 

velocity:  (£Vy,J 

tim@:  x  =(v/e)'/2 

so  that  the  Kolmogorov  eddies  have  a  fixed  Reynolds  Number, 

Re*  -  -T  -  10 


C  —  vcos  a  ds 

ds  being  an  element  of  an  eddy  circumference  and  vcos  a  is  the  local  tangential  velocity  to  the  center  of 
eddy  rotation.  For  a  circular  eddy  of  radius  r,  all  points  on  tie  circumference  have  the  same  velocity  U,  and, 

C  —  2 MUr 

In  terms  of  angular  velocity  m,U  =  a>r  and,  C  =  Inmr2.  Hence, 

C  =  2© 

If  ut  is  the  eddy  velocity  scale  and  /  is  it’s  length  scale,  then, 

/-j  e 

I  =  2y-  6.49 

le 

Hence,  £  represents  a  vorticity  scale  for  the  eddies.  Eddies  generally  exist  in  a  flow  as  line  vortices 
(small  in  two  directions,  but  not  in  the  third).  As  a  line  vortex  is  stretched  axially  due  to  fluid  motion,  its  radius 

decreases  but  angular  momentum  (ro)2 ),  is  conserved.  Thus,  0)  increases,  and  therefor®,  C,  increases 
also.  In  a  general  sense,  vorticity  can  be  expressed, 


.  udUf:  A  3U  : 

6  =  +  -a^l-asf 


which  for  isotropic  turbulence  reduces  to, 


£  =  15v 


6.50 


<5X; 


where  the  numerical  coefficient  arises  from  the  summation  over  the  indices  i,  j,  k. 
If,  as  in  Section  6.4, 

-1/2 


ue  =  (V2) 


then  substituting  in  Equation  6.50, 


£  =  15v 


v\ 

Je) 


6.51 


The  production  of  turbulence  by  the  mean  shear  can  be  obtained  from  the  K- transport  equation,  as, 
per  unit  mass, 


duT 


?K  ~  dxj 
where  pressure  fluctuations  are  ignored. 

Using  eddy  viscosity  modeling, 

'  '  p  +  v\dxj  +  dx,j 

where  |i(  is  the  turbulent  viscosity. 

Now,  an  expression  for  turbulent  viscosity  can  be  obtained  as  follows: 
v,  =  vyij  where  VT  and  lT  are  suitable  turbulence  scales. 

Assume  v”  =  K'/2  a  standard  assumption,  so  that,  v,  =  Kl,1lnT 
Now,  using  dimensional  reasoning, 

v,  2  [yj  ;  K'n  2  |.j  so  that,  n  =  1.0,  and, 

v,  =  K'% 

This  is  a  well-established  relationship.  For  isotropic  turbulence,  A-  =  3  /  lip2  and,  if, 


u'  =  f"71) '  then,  K'P-  =  y|«, 

where  lT  now  dearly  relates  to  the  energy- containing  eddies. 

Then,  in  isotropic  turbulence,  with  summation  over  the  indices,  per  unit  mass, 


so  that 


•  v'  fa 


P,  =  12v 


(sf 


6.52 


i.e.,  substituting  for  v(, 
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vorticity  of  the  smaller 
energy  of  the  larger  s 
Therefor®,  the  vorticity 


lies  increasing,  with  a  consequent  increase  in  their  energy  at  the 
es,  so  that  there  is  a  distinct  separation  in  vorticity  between 
the  very  small  eddies  is  given  by, 

£•  =  2{._, 


i  expense  of  the 
!he  eddy  sizes. 


I*  =22 


W*-i 


Thus,  from  Equation  6.49, 


Then,  since  =  2 (ue/ le)  also,  these  two  expressions  may  be  equated  to  yield, 


Introducing  Equation  6.54  into  the  expression  above  for  p , 


i.e.,  there  are  two  simultaneous  equations  for  £  . 


and, 


'•  - 

This  procedure  may  be  repeated  at  the  next  Sower  way®  number,  i.e., 

£*-i  =  2^*-2 

Thus, 


or,  using  Equation  6.49  for  vorticity, 


6.54 


i.e., 


and  introducing  Equation  6.54, 


Hence, 


6.55 
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* 12  n  (uHv,_2 


e  12/§(“?)*4  f 


Sines  production  is  equal  to  dissipation  in  this  rang©  of  wavs  numbers, 


£*_!  -  4C. 


=  £  15v 


and,  repeating  at  the  higher  spectral  levels, 


1  i5m_, 


e*_2  =  q  15v 


e*_3  =  a  15v 


etc.,  etc. 


p  ( 1  J-  i  -j-  _L  J-  I  -j-  _ I _  4. 

C*\ 1  T  4  ^  16  T  256  T  1024  T 


e7Y»  1.3330086, 


=  0.7502 


i.e.,  three- 


of  the  total  dissipation  takes  place  in  eddies  that  are  part  of  the  tine  structure;  or 
gible  dissipation  of  energy  as  heat  occurs  at  the  highest  eddy  levels  of  the  cascade 


Then,  if 


the  two  simultaneous  equations  of  £, 


0^5  151t 


_t_  12—  /^jf  — 

0.75  2V21  L 


Equating  these  simultaneous  equations, 
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(lie)* 


2x1 5v 
12 


/2  _J_ 

V3  (Ue) 


and, 


Substituting  above  for  (/,  \ , 


(4)*  = 


2x1 5  v 
12 


s 


(Ue)* 


0.75 


12 


)*  (Me)* 


12 

2x1 5v 


Jl 


SO, 


(ut)*  =  (ve)  ^2 1  ^  so  then,  (ue)*  =  (vs)1/4 

Thus,  from  the  definition  of  Kolmogorov  eddy  velocity  scale  given  above, 

m.  =  v 


|l/4 


and,  hence, 


(/ )»  —  2xl5v  jl  — 1 —  _f.!_/4  _  ^0214£1/4(— ^ 
1,1  12  V  3  0.6756  ve1'*  J  U  ^  Uj 


1/4 


6.56 


12  V  3  0.6756  ve'/4 

and  again,  using  the  definition  of  Kolmogorov  eddy  length  scale,  also  given  above, 

(/,).  =  3.0214| 1/4  i?  6.57 

The  energy  leakage  coefficient  ^  may  be  estimated  from  experimental  evidence.  As  in  Section  6.3,  for 
low  Reynolds,  Numbers  (4)*  =  2rj.  Hence,  in  Equation  6.57, 

*  -  (sin)4  -  0192 


Then,  with  this  value, 


(Me)* 


1.0206  V 


For  high  Reynolds  Numbers,  (lt  \  <  5rj ,  giving  ^  =  1.655  for  an  upper  limit,  which  is  not  physically 
possible.  However,  it  can  be  stated  that  0. 1 92  <  E,  <  1. 0  is  reasonable.  If  £  =  i  q,  then 

(/*).  =  3.0214^ 

Magnussen  obtained  a  value  of  0.260  for  this  coefficient.  Following  Magnussen  therefore, 

(Me)»  =  1.75V  6.58 

(/*)*  =  1.43  fj  6.59 

Thus,  the  analysis  indicates  that  the  scales  of  the  fine  scale  structures  are  of  the  same  order  of 
magnitude  as  those  of  the  maximum  dissipation  eddies  used  in  the  stability  analysis.  However,  the  definition 
of  the  fins  structures  is  more  restrictive.  Not  only  do  the  fine  structures  encompass  the  maximum  rates  of 
dissipation,  but  they  also  include  most  of  the  total  dissipation  (three-quarters  of  if),  that  is  accomplished. 

The  regions  of  high  dissipation  are  relatively  small  regions  of  the  flow  that  are  scattered  through  the 
fluid.  The  vortex  lines  of  the  eddies  constituting  a  region  of  concentrated  vorticity  and  making  up  the  fine 
structure,  are  stretched  by  the  action  of  the  larger  eddies  of  th©  turbulent  motion.  As  a  result,  there  is  an 


for  the  larger -scale  eddies, 


Py  =  l 


12 


/3  X  ^ Me)^ 
V  2  2  le 


and  hence, 


[u  [\  1.  <“fl 

=  p 

12  H-  >  (“«)3  ] 

V  2  2  (le)* 

V  2  2.  4 

or, 


(Ue)l  ( Ue )3 


(4), 


Since  for  the  larger  eddies, 

ul  _  («')3 


4 


then 


4 


(«g)3  =  (V)3 

(4)*  A 


and  hence, 


y* 


(ue)t 


6.61 


Now,  it  was  established  above,  Equation  6.58, 1 

(. ue, )*  =  IJSlev)1/4 

and  for  isotropic  turbulence, 

i.e.,  implying  that  the  bigger  eddies  in  this  case  are  the  energy-bearing  eddies,  and  therefore  that  X  is  really 
the  Taylor  microscale  of  turbulence.  Hence,  inserting  these  expressions  for  eddy  velocities  into  Equation 
6.61 ,  gives, 


y* 


6.62 


In  a  region  of  local  isodensity,  the  volume  fraction,  Equation  6.62,  is  also  equivalent  to  a  mass  fraction. 

Magnussen  [67.]  verified  by  suitable  comparisons  with  experimental  data  that  Equations  6.58,  6.59 
and  6.62  were  adequate  representations  of  the  significant  physics  of  turbulent  flow. 

Now  that  the  microscales  of  the  fine  structure  have  been  defined,  (Equations  6.58  and  6.59),  and  the 
fraction  of  the  total  fluid  that  is  in  the  fine  structure  microscales  has  been  determined,  (Equation  6.62),  the 
next  step  is  to  obtain  the  mass  exchange  between  a  local  fluid  volume  and  the  fine  structures  contained 
within  it. 


The  approach  adopted  is  based  on  the  model  of  turbulence  proposed  by  Tennekes  [67.],  where 
randomly  distributed  vortex  tubes  of  diameter  (/, ), ,  are  concentrated  in  fine-structure  regions  which  have 
length  scales  on  the  order  of  the  Taylor  microscale  A,  as  is  illustrated  in  Figure  6-24.  The  mass  entrainment 
into  the  fine  structure  region  occurs  through  pressure  forces  induced  by  rotation  of  the  fine  scale  eddies. 

Following  Chomiak  [70.],  consider  a  vortex  tube  in  a  turbulent  motion,  and  let  it  rotate  about  its 
cross-sectional  center  with  a  tangential  velocity  vv,  at  the  eddy  periphery,  (see  Figure  6-25).  A  balance  of 
forces  on  the  rotating  eddy  yields, 
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pw2e  _  dp 

“  dr 

where  p  is  the  eddy  density  and  r  is  the  effective  radius  from  the  center  of  rotation. 


Vortices,  however  they  originate,  tend  to  free-vortex  motion  due  to  the  conservation  of  angular 
momentum.  Viscous  friction  inside  the  vortex  transfers  momentum  from  the  inner  streamlines  to  the  outer 
streamlines.  Thus,  the  centers  of  vortices  tend  towards  forced  -vortex  motion;  the  combined  vortex  motion 
is  known  as  a  Rankine  vortex.  The  general  vortex  equation  is, 


wrn  =  const. 

where  for  free -vortex  motion  n  =  +1 ,  and  for  forced -vortex  motion,  n~±  1 .  If  subscript  ’c’  represents  the 
outer  limit  of  the  forced  vortex  cor®  of  a  Rankine  vortex,  the  general  equation  can  be  expressed  as, 

w  =  wc(rc  /  r)n 

Substituting  into  the  force  equation  and  integrating  gives, 


yielding, 


6.63 


Examination  of  Equation  6.S5  yields  the  following:  For  free-vortex  outer  flow,  n  =  +1,  r  is  positive  and 
greater  than  rc,  giving  pr  less  than  p  outside  the  vortex,  i.e.,  the  free-vortex  portion  of  the  vortex  tends  to 

hold  together.  For  the  forced -vortex  inner  flow,  n  —  ±  1 ,  r  is  positive  but  less  than  rc,  giving  pc  greater  than  p 
in  the  core,  i.e. ,  the  forced  vortex  portion  of  the  vortex  also  tends  to  be  held  together.  Thus,  for  the  very  small 
vortices  of  interest,  which  may  be  considered  as  being  forced  in  character, 


1  0 

ip  -  Pc)  =  2  PWc 


Hence,  the  pressure  difference  from  the  edge  of  such  a  vortex  to  its  axis  of  rotation  is, 


This  pressure  gradient  results  in  a  positive  flow  of  outside  fluid  into  the  eddy. 


6.64 


Applying  the  Bernoulli  equation  to  the  large-scale  outside  region  and  the  small-scale  inside  region, 
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6.65 


outside 


P  inside  outside^  1 


where  v,  is  the  induced  inflow  velocity.  Now,  in  the  limit, 


P outside  P inside 

Then,  equating  Equations  6.64  and  6.65,  yields  the  inflow  velocity, 


6.66 


Assuming  that  the  density  inside  the  eddy  is  equal  to  that  at  its  periphery,  Equation  6.66  reduces  to, 


6.67 


Consequently,  the  induced  mass  flow  rate  into  the  fine  structure  (rhj).,  is  given  by, 


(m,)*  =  ( pvxAe )* 


or,  using  Equation  6.67, 


(mx)*  =  (pAewe )*  6.68 

where  (A  )t  is  the  external  circumferential  area  of  the  tube  vortex  at  the  outer-edge  of  its  viscous  core. 

Dividing  the  mass  flow  rate  into  the  vortex  by  the  total  mass  (me  )t  of  the  vortex  yields  the  normalized 
inflow  s„  where, 


_  (wtj)#  _  {pAewe )* 

**  “  w,  “  JpEU 

and  E,  is  the  volume  of  the  fine-scale  eddy.  Introducing  the  values  for  (A  )t  and  E.  gives, 


5* 
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Comparison  of  the  right-hand  side  of  Equation  6.69  with  Equation  6.49  reveals  that  when  (/,  \  is  taken  as 
an  eddy  diameter  presently,  in  terms  of  the  original  definition  where  /  was  a  radius, 


6.70 


Applying  Equation  6.70  to  the  cumulative  sum  of  all  of  the  dissipation  eddies  within  a  local  volume,  s,  then 
represents  the  mass  flow  rate  transferred  through  the  fine  structures,  per  unit  mass  of  the  fine  structures. 


The  parameter  ‘s’  has  units  of  reciprocal  time,  and  represents  a  type  of  “space-velocity.”  It  denotes 
the  number  of  reactor  volumes  of  feed  at  the  specified  conditions,  that  can  be  processed  in  unit  time.  In  this 
context  the  fine-structure  eddy  represents  a  steady-state,  mixed-flow  reactor  that  processes  the  mass 
influx.  The  “space-time"  T,  or  mean  residence  time,  is  the  reciprocal  of  the  space -velocity,  i.e., 


X 


I 

S 


It  denotes  the  time  required  to  process  one  reactor  volume  of  feed  measured  at  the  specified  conditions. 

In  terms  of  the  mass  fraction  of  the  fine  structures  in  the  fluid  y„  given  by  Equation  6.62,  the 
space -velocity  for  the  bulk  fluid  may  be  expressed  as, 


s  s  *  y  * 


6.71 


101 


Th©  bulk  space- velocity  denotes  th©  mass  flow  rate  passed  through  the  fine  structures  per  unit  mass  of  the 
bulk  fluid. 

If  it  is  further  assumed  that  th©  fine-seal©  structures  are  concentrated  into  regions, 

the  linear  dimensions  of  the  in© -structure  regions  would  be  much  larger  than  those  for  th©  fin©  structures 
within  them.  Such  ragSoims  appear  in  highly  strained  places  between  th©  bigger  eddies,  e.g.,  in  Figure  6-24 
th©  vortex  tub©  shown  could  also  represent  a  fine-structur©  region,  where  th©  region  is  itself  mad©  up  of 
closely-interacting  fine-seal©  eddies.  Such  a  fine  structure  region  need  not  be  a  vortex  tube;  it  could  also 
b©  in  th©  form  of  a  vortex  sheet  or  vortex  ribbon.  The  mass  fraction  of  th©  fin© -structure  region  yx,  relative  to 
the  surrounding  fluid,  is  given  by, 


P\  ^A  (u?)* 

Px  Ax  u' 

(lieU 

u' 

The  mass  fraction  of  the  fine  structures  within  a  fine -structure  region  can  be  defined  as, 

<n>.  =  £ 

Inserting  into  Equation  6.72  the  expression  for  («,)( from  Equation  6.58,  and  that 
(2  \1/2 

u'  =  1^-  Kj  ,  gives  for  y^, 


VX  = 
i.e., 

n  = 


Va  = 


JSiev)1/4 


(§*) 


1/2 


/  \‘/4 

-  2143(i) 


6.74 


Another  equation  can  be  formed  by  dividing  Equation  6.71  by  Equation  6.74,  such  that, 


SA 


6.75 


where  sx  represents  the  mass  transferral  rate  through  the  fin©  structures  per  unit  mass  of  the  fine -structure 
regions.  Then,  utilizing  Equations  6.58,  6.59,  6.62,  and  6.74, 


=  2«4(l)'/2 


6.76 


6.77 

6.78 


The  corresponding  residence -time  scales  are  reciprocals  of  th©  respective  space-velocities,  and  are 
given  by, 


6.79 


X 


I 

s 


6.80 
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6.81 


rA  = 


Such  scales  may  be  compared  with  the  chemical  kinetic  time  scales  in  order  to  establish  whether  the 
reaction  is  mixing  or  chemically  controlled;  they  may  also  be  used  to  establish  criteria  for  flame  extinction. 


The  EDC  combustion  model  is  based  on  the  concept  that  the  reactants  are  homogeneously  mixed 


well -stirred  reactors.  The  composition  and  temperature  of  the  surrounding  fluid  constitutes  the  feedstream 
conditions  to  the  individual  reactors.  The  ensemble— averaged  mean  scalar  quantities  within  a  local  fluid 
volume,  e.g.,  a  finite-difference  cell  of  a  CFD  procedure,  are  determined  by  an  appropriate  linear 


balance  for  such  a  steady-state,  mixed -flow  reactor  is  given  by, 


[(m,)»  (mj)*]oul  ~  (m,)0  (ra7)*].  =  -  (RtE)> 


where  the  asterisk  subscript  denotes  the  fine  structure,  as  above,  and  the  zero  subscript  denotes  the 
surrounding  fluid  conditions;  ),  is  the  mass  consumption  rate  of  species  i  per  unit  volume,  and  E,  is  the 

fine  structure  volume.  The  parameter  (mi),  is  the  (induced)  mass  flow  rate  into  the  reactor,  and  mi  is  the 
species  mass  fraction,  expressed  as, 


The  left-hand  side  of  Equation  6.82  represents  the  net  mass  transfer  rate  of  species  /  from  the  surrounding 
fluid  into  the  fine  structures,  while  the  right-hand  side  represents  the  net  consumption  rate  of  species  / 
within  the  fine  structures. 


Rearranging  Equation  6.82  as, 


[K  )o  -  K  )*]  =  (/?;)* 


Then  rearranging  the  expression  for  s,  above  as, 


(m,))*  (pAewe)t 


into  the  form, 

(nil)*  =  s*  (me)*  =  s*  (pE )* 

and  inserting  into  Equation  6.84,  gives, 

(Ri)*  =  P*s*  [(m,-)0  -  (m,)*]  6  85 

Alternatively,  introducing  Equation  6.71  for  s.,  yields, 

(Rt)*  =  p*  [(m,)0  -  (m,)*j  6-86 

Assuming  that  reaction  occurs  only  in  the  fine  structures  and  not  in  the  surrounding  fluid,  (/?  )  may  be 

related  to  the  mean  reaction  rate  of  species  i  per  unit  volume  of  total  fluid  (fi  ) ,  through  the  following 
expression: 
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reaction  rate  relationships  to  account  for  these  effects.  In  addition,  Magnussen  discovered  from  a  study  of 
flame  propagation  in  premixed  gases,  that  the  above  combination  of  governing  equations  was  inadequate 
to  provide  sufficiently  high  reaction  rates  in  the  tails  of  such  flames.  He  therefore  found  it  necessary  to 
introduce  a  second  adjustment  factor K,  to  align  his  calculations  with  the  measurements.  These  factors  will 
be  defined  in  detail  below.  Therefore,  introducing  the  factors  %  and  K  into  Equations  6.85  and  6.88,  yields, 

.0 R/).  =  P*S*K  [(m,-)0  -  (m,),]  6  89 

and, 


Rj  =  psXK 


[(ra,)0  -  (m,)*] 


6.90 


The  mass  fraction  of  specie  /  in  the  portion  %  of  the  fine  structures  that  participates  in  the  reaction,  and 
the  mass  fraction  in  the  surrounding  fluid,  are  related  to  the  local,  mean  mass  fraction  through  the 
relationship, 


mi  ~  +  (m,)0  (12  -y*X) 

Solving  for  Mo  and  substituting  into  Equations  S.89  and  6.90  yields, 


6.91 


and, 


m* 


p  *  s#  IC 
(/  -  y*X) 


m, 


R: 


psXK 
(i  -  yjcj 


h- 


(«;)* 


6.92 


6.93 


The  relationship  between  these  latter  two  equations  may  be  found  by  the  substitution  of  on®  into  the  other. 
The  result  is  a  reduced  version  of  the  more  complete  form,  given  as, 


p 


(Rjh 

P  * 


(y*X)  + 


Wo 

Po 


(1 


y*  X) 


6.94 


The  last  term  on  the  right-hand  side  accounts  for  reaction  in  the  surrounding  fluid,  and  may  normally  be 
omitted,  (except  for  NO-formation  in  premixed  flames). 

The  steady- state  macroscopic  energy  balance,  neglecting  potential  energy  and  work  terms,  and 
applied  to  the  fine  structure  reactor,  is  given  by, 


H*  -  H0  =  Q*  6.95 

where  //  is  the  stagnation  enthalpy  (in  joule/kg)  and  Q  is  the  sum  of  all  thermal  energy  per  unit  mass  of  fine 
structure  reactor  crossing  the  system  boundaries  by  conduction,  radiation,  etc. 

Multiplying  both  sides  of  Equation  6.95  by,  from  above, 


results  in, 


p*  »£*  H0)  p *  s *  Q*  —  6.96 

where,  since  the  temperature  of  the  fine  structures  will  be  greater  than  that  of  the  surrounding  fluid  due  to 
the  heat  of  reaction,  qt  is  the  net  energy  transferred  to  the  surrounding  fluid  by  transfer  mechanisms  such 
as  radiation.  Then,  following  the  pattern  of  Equation  6.91 , 


H  =  H*  y*  X  +  H0  (1  -  y*  X)  6.97 

and  solving  for  H0 ,  inserting  this  formulation  into  Equation  6.96,  yields  an  equation  that  incorporates  only 
the  reactor  enthalpy  and  the  mean  fluid  enthalpy, 


i 7  * 


p*  s*  K 
(/  -  y*x) 


(H  -  H.) 


6.98 


In  deriving  Equation  6.98  the  adjustment  factor K  was  also  introduced  as  in  Equations  6.89  and  6.90. 

Equations  6.92, 6.93  and  6.98  constitute  a  system  of  equations  which  can  be  adapted  to  the  full  kinetic 
treatment  of  reacting  fine  structures  for  both  turbulent  premixed  and  diffusion  flames. 
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6.6.4  Fa^  Ctemlstry  Limit 

Sine©  it  is  computationaly-expensiv©  in  a  CFD  cod©  to  carry  a  large  number  of  chemical  species  / , 
and  because  of  the  disappointing  performance  in  Section  6.5  of  full  and  reduced  reaction  mechanisms  in 
representing  well -stirred  reactor  stability,  it  is  important  to  explore  the  EDO  combustion  mode!  in  the 
context  of  the  fast  chemistry  limit. 


A  simple,  irreversible,  one-step  chemical  reaction  may  be  represented  by-the  mass  balance, 

unit  mass  of  fuel  +  a  mass  of  oxidant  -4  (1  +  a)  mass  of  products 

where  a  is  the  stoichiometric  mass  ratio  for  the  fuel  and  oxidant.  If  the  chemical  reactions  proceed  extremely 
fast,  then  it  may  be  assumed  that  the  rate  of  combustion  will  be  determined  solely  by  the  rat®  of  fuel/oxidant 
mixing  on  a  molecular  level,  i.e.,  in  a  turbulent  flow  by  the  rate  of  mass  transfer  between  the  surrounding,  or 
bulk,  fluid  and  the  fine  structures  contained  therein.  Under  such  circumstances  the  limiting  concentration  of 
fuel  (in  a  fuel  -  lean  environment)  or  oxidant  equivalent  (in  a  fuel  -rich  environment)  will  go  to  zero  in  the  fine 
structures.  Consequently,  Equations  6.92  and  6.93,  with  /  equal  to  fuel  ( subscript^  )  reduce  to, 


p  itX* 

(/  -  y  JO 


(wmin) 


6.99 


psXK 

Tl  -  Yx) 


6.100 


m 


min 


minimum  of 


_  mbar  ox  1 
mfu  '  a  j 


6.101 


where,  wv  is  the  mean  mass  fraction  of  oxidant. 

Neglecting  the  kinetic  energy  contribution  to  stagnation  enthalpy,  the  energy  balance  given  by 
Equation  6.96  simplies  to, 

q  it  P  r?  Sit  HC 

where  h  is  the  static  enthalpy.  Inserting  the  relationship  for  enthalpy,  and  assuming  a  constant  specific 
heat ,  in  the  relationship  above  transforms  it  to, 


q*  =  P*  s*  K  [(m,  )0  -  (m,  )*]  (hfJ)Q  +  cP  (T0  -  T*)}  6'102 

where  the  subscript  on  the  enthalpy  has  specific  reference  to  standard -state  conditions. 

For  a  one-step  reaction,  the  fast -chemistry  approximation  is, 

X  )o  “  K  )•  ]  (bf.i) 0  =  (™min  )o  (bffil  )o  +  a(hf,ox  >0  “  («  +  0  (hf,pr  )] 

(mmin  \)  co mb') 0 

Thus,  Equation  6.102  becomes  in  the  fast  chemistry  limit, 


q*  —  P*  s*  %  [(,nmin  )o  comb  )o  +  O'o  )] 


6.103 


Applying  Equation  6.91 , 
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-  ( mi  )*  y*  X  +  (m,  )o  (1  -  y*  X  ) 

by  rearranging  for  (mf)0,  and  taking  into  account  that  in  the  fast  chemistry  limit  (raj(  goes  to  zero, 


K  )o  = 


mn 


(/  -  Y*  X  ) 

Substituting  this  in  Equation  6.103  yields,  with  rearrangement, 

*  0  cp  p*  s*  K  cp  (l  -  y*  X  )  {AHcomb  )o 

Similarly  with  Equation  6.98, 

—  P*  ijj 


Q  * 


(l  -  y*  X) 


{H  -  H.) 


eventually  yields, 


7*  =  7 


c p  {p *  s*  K. 

Equations  6.104  and  6.105  may  be  combined  to  produce: 

7*  =  T  +  AT 

7n  =  T  +  AT 


)  *7*  ,  ^min  0^7/ comb  )o 

i 


y*  X 


0  ‘  '  (/  -  y*  X  ) 

T  =  7*  (y*  X  )  +  T0  (/  -  y*  X  ) 


6.104 


6.105 

6.106 

6.107 

6.108 


Note  that  for  an  exothermic  reaction,  the  temperature  of  the  fine  structures  T.,  will  be  significantly  higher 
than  both  the  surrounding  fluid  temperature  T0,  or  the  local  time-mean  temperature  T . 


6.6.5 


Two  heuristic  adjustment  factors,  %  and  K  were  introduced  into  the  equations;  %  has  some  obvious 
physical  basis,  and  K  is  more  of  a  calibration  coefficient.  These  factors  are  discussed  below  in  the  context  of 
the  fast  chemistry  limit. 

The  factor  X  is  designed  to  provide  a  limit  to  the  extent  of  reaction  in  the  fine  structures  during  low 
temperature  conditions.  It  is  defined  as  that  portion  of  the  fine  structures  that  is  sufficiently  heated  for  ignition 
and  subsequent  reaction.  The  portion  of  the  fine  structures  which  reacts  is  assumed  to  be  proportional  to 
the  ratio  of  the  local  concentration  of  reacted  fuel  to  the  sum  of  the  total  quantity  of  fuel  that  may  yet  react 
and,  the  quantity  of  fuel  that  has  already  reacted.  Thus, 


m, 


Pr 


X  = 


Yx 


(1  +  a) 


mD 


(1  +  a)  +  mmin 


where  C  is  a  simplified  correlation  coefficient  given  by, 


C  = 


r 

mPr 

-1 1 

b 

+  a)  + 

Mpr 

+ 

mfu  j 

1  YH  ox 

(1  +  a) 

_  (1  +a) 

"*■  a 

6.109 


6.110 
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X  <,  c 


6.111 


1!  should  b©  noted  that  for  stoichiometric  premised  flames,  C  is  identically  equal  to  unity.  Th©  construction  of 
the  correlation  coefficient  implies  that  0  <  C  <  1.0.  It  should  be  observed  that  the  presence  of  reactant 
mass  fractions  of  unity  will  cause  the  expression  to  become  unbounded,  and  caution  should  therefore  be 
exercised.  The  term  yx  defined  through  Equations  6.72  and  6.74,  has  a  magnitude  less  than  unity,  and  will 
tend  to  increase  the  apparent  reaction  rate,  via  Equations  6.109  and  6.100.  The  physical  reason  for  this  is 
that  the  reaction  products  formed  within  the  fine  structure  regions  may  have  a  higher  concentration  within 
these  regions,  thus  increasing  the  probability  of  ignition  of  structures. 

Th©  calibration  coefficient  Kwas  found  to  be  necessary  when  calcuated  reaction  rates  were  discovered 
to  be  too  low  in  the  tails  of  turbulent  premixed  flames.  This  was  accounted  for  by  noting  that  th©  time- mean, 
mass-averaged  concentrations  of  reactants  will  be  low  in  the  tail  region  of  a  premixed  flame;  however,  the 
concentrations  of  the  reactants  in  the  unreacted  fine  structures  will  still  be  high.  Therefore,  the  thin  reacting 
interface  (the  “flame")  that  separates  the  reacting  fine  structures  from  the  nonreacted  fin©  structures  will 
propagate  more  rapidly  than  would  otherwise  be  expected  on  the  basis  of  an  unmodified  mean  reaction 
rate.  This  provides  some  (weak)  physical  basis  for  the  adjustment  factor.  It  is  defined  as, 


K 
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1th  the  limitation, 


X  < 


Mpr  - 

(1  +  a)  +  mmin 
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Analogous  equations  for  %  and  K  in  th©  context  of  full  chemical  kinetics  can  b®  derived,  and  ar®  similar 
to  those  above. 


Th©  assumption  of  a  one-step,  irreversible  reaction  and  fast  chemistry  requires  development  of  some 
local  extinction  or  quenching  criteria  in  terms  of  the  locaJ  residence -time  scale. 

For  a  one-step,  irreversible  chemical  reaction  th©  fractional  conversion  Y,  or  reactedness  of  the  fuel 
mass  fraction  for  th©  reactor,  assuming  a  fuel -lean  state,  is  given  by, 


y  _  (min)o  -  (mfu)° 

(WfJo 

Th©  mass  balance  of  Equation  @.86  may  be  applied  to  th©  fuel  (/  =  fu)  and  rearranged  to  give, 


Then,  Equation  6.79  can  be  used  to  give  a  relationship  for  s  /  Y*,  i.e.s 


s_  =  jl 

y  Kt  t  & 

so  that  th©  fractional  conversion  becomes, 

y  _ 

K)»pj  K)rf°< 


6.115 
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In  Seetfors  6.3  a  stability  parameter  SP,  Equation  6.24,  was  derived  by  phenomenological  modeling, 
and  was  a  characteristic  time  approach  relating  a  turbulent  mixing  time  to  a  turbulent  burning  time.  Flame 
was  assumed  to  be  extinguished  if  the  turbulent  mixing  time  for  eddies  composed  of  hot  products  of 
combustion  with  eddies  composed  of  premixed  or  well-mixed  fresh  reactants  was  very  short  compared  to 
the  turbulent  burning  rate  of  the  mixture.  Hi©  approach  equated  mixing  to  eddy  dissipation,  and  presumed 
that  an  adequate  degree  of  molecular- level  mixing  is  achieved  in  and  characterized  by,  eddies  where  the 
dissipation  rate  of  turbulence  kinetic  energy  is  at  a  maximum.  Experimental  evidence  at  high  Reynolds 
Numbers  was  used  to  relate  eddies  with  maximum  dissipation  to  the  Kolmogorov  eddy  scales.  Further,  it 
was  assumed  that  the  burning  rate  can  be  represented  by  a  Damkohler— type  expression,  and  that  the 
flame  front  was  associated  with  the  dissipation  eddies  only,  which  were  themselves  affected  solely  by 
eddies  of  the  Kolmogorov  microscale. 

Subsequent  studies  of  turbulence/laminar  flamelet  interactions  [71 .]  showed  that  on  a  global  basis, 
the  flam©  front  existing  in  turbulent  combustors  of  the  PW100— type  would  be  discontinuous,  with 
eddy-burning  as  the  mode  of  combustion.  The  eddies  involved  in  combustion  were  substantiated  as  the 
dissipation  eddies,  with  Kolmogorov  eddies  acting  as  large-scale  (relative)  turbulence  to  the  flame  fronts 
associated  with  the  dissipation  eddies. 

The  fine  structure  eddies  of  the  EDC  model,  that  contain  75  percent  of  the  dissipation,  were  shown  in 
Section  6.6.2  to  be  very  similar  in  size  to  the  maximum  dissipation  eddies  of  the  SP  model.  The  EDC  model 
takes  account  of  the  additional  effect  of  the  fine-structure  intermittency.  This  also  implies  that  a 
globally- continuous  flame  would  not  be  appropriate. 
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Th@  characteristic  time  stability  parameter  model  and  the  EDC  mode!  both  assume  that 
separately-introduced  reactants  are  well-stirred  on  the  microscale  level  prior  to  combustion  in  a  flow  with 
high  Reynolds  Wumber  turbulence.  Both  approaches  equate  molecular- level  mixing  to  the  dissipation  of 
turbulence  energy  by  turbulent  eddies.  Both  also  show  that  the  relevant  eddies  are  larger  than  the 
Kolmogorov  microscale.  The  fin© -structure,  energy-containing,  eddies  of  the  EDC  model  are  very  close  in 
size  to  the  maximum  dissipation  eddies  of  the  SP  model.  Both  approaches  argue  by  different  methods  that 
globally-continuous  flame  fronts  are  not  possible.  Thus,  there  are  no  serious  conceptual  incompatibilities 
between  the  EDC  model  approach  and  the  SP  model  approach.  Therefore,  the  stability  parameter  SP, 
could  also  serve  as  the  basis  for  an  extinction  criterion  that  might  be  used  with  the  fast  chemistry 
assumption,  within  the  EDG  local  approach,  as  a  low-cost  alternative  to  finite- rate  chemistry. 

6.6.7  Application  off  to®  Extaeion  fteldtems®  Tim® 


The 
6. 1 1 6.  It 


:im©  XrM,  is  obtained  through  the  simultaneous  solution  of  Equations  6.115 
ssed  as, 


^  ttrrt 


(P^R 
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where  VR  is  the  reactor  volume,  Pis  the  mass  density  and  m  is  the  total  mass  flow  rat©  into  the  reactor.  For  a 
given  set  of  reactants  the  extinction  residence  time  is  independent  VR  if  m  is  allowed  to  adjust  with  it. 
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in  Equation  6.1 18  is  unity  and  xR  reduces  to  v  (Thus,  to  calculate  a  flame  lift  height,  for  example,  onlyt* 

need  be  utilized.) 


Strictly,  since  the 
feed  quantities  to  the 
cell  values  are  a 


's  are  those 
summation  of  the 


's  (PSR)  are  represented  by  the  fin©  structures,  the  “inlet” 
to  the  surrounding  fluid.  Thf 
and  surrounding  fluid  value/£  e.g. 


<i>  =(T.X>t>.  +(i±y.x)I>0 
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where  the  subscripts  *  and  0,  respectively,  represent  the  PSR  mixture  and  the  fluid  in  the  cell  surrounding 
the  fine  structures.  If  ratherfhan  xR  is  used  for  a  hydrodynamic  time,  it  is  permissible  to  take  0  <=«  <{)q. 

Therefore,  the  “inlet”  temperature  and  equivalence  ratio  used  as  feed  parameters  for  the  Kretschmer  & 
Odgers  PSR  extinction  expression  are  simply  the  local  mean  quantities.  The  equivalence  ratio  used  can  be 
be  based  on  a  composite  fuel  and  air,  both  of  which  can  themselves  be  based  on  appropriate  combinations 
of  products  and  unbumed  reactants.  Therefore,  the  equivalence  ratio  parameter  is  that  which  would  exist  in 
the  absence  of  reaction  for  the  same  flow  field,  i.e.,  a  mixture  fraction— type  of  parameter. 

6.6.8  Chemical  tCIsngtSes  for  EDO 


For  CFD  codes  the  EDC  applies  the  stirred  reactor  principle  on  a  microscale  level  in  a  fully-integrated 
form,  i.e.,  at  every  grid-node  for  each  solution  iteration.  Therefore,  it  is  a  computationaliy-intansive 
procedure.  Complete  stirred  reactor  theory  depends  on  nonequilibrium  chemistry.  Since  chemical  reaction 
kinetics  usually  involve  the  solution  of  sets  of  ordinary  differential  equations  that  become  mathematically 
stiff,”  the  additional  computational  cost  burden  could  become  completely  overpowering  when  “complete” 
reaction  mechanisms  for  hydrocarbon  combustion  are  utilized  to  calculate  the  singularity  represented  by 
l‘‘“  vout.  Therefore,  devices  to  reduce  this  cost  burden  are  sought  wherever  appropriate. 

The  EDC  defines  turbulence  microscales  within  which  the  reactants  are  mixed  on  the  molecular  level, 
i.e.,  perfectly  premised.  Therefore,  the  stirred  reactor  representation  may  be  limited  to  the 
perfectly— stirred  case,  (as  opposed  to  well—  or  partially— stirred).  By  definition,  a  perfectly— stirred  reactor 
is  a  finite  volume  within  which  the  contents  are  spatially  uniform  in  temperature  and  composition  at  the  exit 
(burnt)  conditions.  Furthermore,  the  mass  flow  rate  through  the  reactor  is  constant.  Since  the  flow  is 
steady- state,  the  relevant  equations  for  the  reactor  become  algebraic  rather  than  differential.  For 
example,  the  conservation  of  chemical  species  / ,  is, 


where, 


6.120 


m,  =  mass  fraction  of  j  present 

hi  =  molar  rate  of  production  of  by  chemical  reaction  per  unit  volume 
A/,  =  molecular  weight  of  species  / 

VR  =reactor  volume 

rather  than, 
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where 


T  —the  nominal  residence  time,  pVR/m 
p  =  mean  density  in  reactor 

Similarly,  the  conservation  of  energy  for  perfectly-stirred  reactors  is, 


m  ^  \mMr(mj\  ( h .■)  1  =  0 

all  »L  r  8  '  UqkTJ  ^ 
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.  rat©  of  heat  loss  from  reactor 


where, 


The  molar  rate  of  production  of  [  is  the  sum  for  all  reactions  in  the  kinetic  reaction  mechanism  consisting  of 
K  reactions,  of  the  concentration  progress  variable  qk,  times  the  number  of  moles,  such  that, 


where  and  stoichiometric  coefficients  for  1  of  the  left-hand  side  and  right-hand  side 

respectively,  of  the  k  -th.  reaction  in  the  elementary  reactions, 


%  Vi  (^=1  -K) 
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where  V'i  is  a  symbol  representing  the  /  -th.  of  /  chemical  species. 

The  law  of  mass  action  is  used  to  define  qt  from  th©  difference 
reaction  rates,  such  that, 


and  reverse  r. 
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i  =  1 


where  is  the  molar  concentration  of  th®  /  -th.  species. 
The  rate  constants  c,  take  th®  Arrhenius  form, 


Cfjc  =  AkTPkexp(-Ek 
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112 


where,  for  the  k -th.  reaction, 


At  =  pre -exponential  factor 
=  temperature  exponent 
Ek  =  activation  energy 

Reverse  rat©  constants  cr  k ,  are  related  to  the  forward  rat®  constants  via  the  equilibrium  constant  C  k ,  as, 

^  f.k 

cr.k  6.127 

cqM 

Therefore,  th©  equation  set,  Equations  6.120  and  6.122,  with  /  + 1  equations,  although  algebraic,  is  highly 

nonlinear. 

Because  of  the  nonlinear  character  of  th©  equations,  variants  of  Newton’s  methods  can  be  used  to 
minimize  computing  costs.  However,  although  correctly  posed  in  stationary  terms,  th©  solution  can  also 
involve  a  partial  solution  of  the  transient  forms  of  the  equations  when  slow  convergence  is  encountered. 
Such  a  dual  approach  solution  algorithm  is  generally  cost-effective  and  robust,  and  is  therefore  convenient 
for  a  CFD  procedure.  The  Sandia  CHEMKIN  PSR  code,  [54.],  uses  such  a  procedure,  (see  Section  6.5). 
Furthermore,  economy  in  computational  costs  can  be  achieved  if  both  /  and  K  are  minimized  by  means  of  a 
reduced  chemical  reaction  mechanism. 


With  the  failure  (Section  6.5)  to  identify  a  suitable  hydrocarbon  chemical  reaction  mechanism,  either 
full  or  reduced,  that  accurately  represented  blowout,  and  because  of  the  computational  costs  associated 
with  such  mechanisms  (Section  6.6.8.),  it  was  decided  to  implement  th©  EDC  model  with  the  fast  chemistry 
assumption  (Section  6.6.4.) ,  and  to  rely  on  a  characteristic  time  comparison  as  the  flame  extinction  criterion 
(Section  6.6.6.).  This  characteristic  time  approach  represents  a  partial  implementation  of  the  EDC  model,  in 
which  a  calibrated,  single-step  rate  expression  is  utilized  as  a  stability  criterion  in  conjunction  with  a  fast 
chemistry  mod©!.  With  this  approach,  fast,  or  equilibrium,  chemistry  is  coupled  with  the  characteristic  time 
criteria  extracted  from  the  EDC  model  to  form  a  relatively  simple  and  CPU -viable  prediction  package  for 
local  extinction  in  a  CFD  code.  The  CFD  code,  via  its  turbulence  model,  provides  th©  necessary  turbulence 
information  at  each  grid  node  to  calculate  th©  hydrodynamic  time  scales  (Section  6.6.2.)  for  the  fine 
structure  eddies.  Th©  chemical  time  scale  at  extinction  for  propane  fuel  is  calculated  from  the  Kretschmer  & 
Odgers  calibrated  expression  for  blowout. 

The  fast  chemistry  EDC  combustion  model  with  the  described  time— scale  extinction  criterion,  was 
incorporated  into  the  Pratt  &  Whitney  two-dimensional  (axi- symmetric)  PREACH  CFD  code  [74.].  The 
logic  flowchart  for  the  extinction  calculations  is  shown  in  Figure  6-29. 
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grids  commonly  used  in  combustor  calculations.  As  noted  above,  the  composite  equivalence  ratio  is  similar 
to  a  mixture  fraction. 

if  the  combustion  limit  constraint  is  satisfied,  a  second  constraint  on  the  flame  zone  is  then  applied.  The 
hydrodynamic  PSR  residence  time  x,  (Equation  6.79)  or  alternatively  th®  “reaction”  time  scale  x^  (Equation 
6.118),  is  calculated  and  compared  with  th©  extinction  time  scale  (xal  )<  or  Xexf  respectively,  if  the 

hydrodynamic  time  scale  is  smaller  than  the  extinction  time  scale,  then  the  combustible  material  within  the 
reactor  is  not  allowed  to  read,  and  simple  mixing  occurs.  In  this  case,  the  reaction  rate  source  term  is  zero.  If 
the  opposite  is  true,  then  reaction  within  the  fine  structures  is  permitted,  and  the  reaction  rat®  source  terms 
are  constructed  from  the  EDC  model  relationships,  Equation  6.100.  .  o  .  j 

The  species  and  enthalpy  transport  equationsar©  subsequently  solved,  density  is  calculated  from  its 
equation  of  state,  and  the  solution  algorithm  loops  back  for  another  gas- phase  iteration. 

Although  in  principle  the  application  of  this  version  of  EDC  modeling  is  relatively  straightforward,  in 
practice  implementation  of  the  procedure  poses  some  problems.  Some  of  these  difficulties,  and  their 
work-arounds,  are  described  below. 

As  iteration  proceeds,  certain  cells  may  encounter  equivalence  ratios  and/or  residence  times  that  are 
almost  identical  in  magnitude  to  the  two  flam©  extinction  (rich  and  lean)  limits  described  above. 
Consequently,  any  perturbations  that  might  arise  in  th©  calculated  flow  field,  due  to  cods- numerics,  the 
solution  algorithm,  or  solution  convergence  history,  may  cause  the  reaction  in  such  a  cell  to  abruptly  turn 
“on"  and  “off”  with  iteration.  Since  behavior  in  any  particular  computational  cell  impacts  upon  the  behavior 
in  adjacent  cells,  a  “flickering  flams”  can  b©  produced.  Such  flickering  flam©  behavior  may  influence 
enough  of  the  computational  domain  to  indue©  an  adverse  and  oscillatory  effect  on  the  solution 
convergence  characteristics.  To  help  ameliorate  this  behavior,  the  reaction  rates  were  modified  by  a 
clipped -sinusoid  or  ramp-like  function  that  allows  the  blowout  (or  ignition)  process  to  take  place 
somewhat  gradually  over  a  diffused  combustion  limit.  For  example,  for  the  rich  limit,  a  ramp  function  may  be 
applied  in  smooth  fashion  between  th©  actual  (imposed)  rich  limit  of  2.1  and  a  value  slightly  displaced  from 
it,  say,  2.0. 

In  a  “stationary”  diffusion  flam©  the  conceptual  existence  of  a  stoichiometric  contour  in  th©  idealized 
flame  sheet  is  intuitively  obvious.  However,  in  a  calculation  of  such  aflame,  the  computational  grid  is  most 
unlikely  to  be  able  to  satisfactorily  resolve  the  location  of  the  stoichiometric  contour.  Poor  resolution  of  th® 
flame  sheet  in  the  calculation  may  produce  nonmonotonic  variations  in  the  local  equivalence  ratio  and/or 
extinction  criteria,  resulting  in  an  apparent  flame  “spottiness.”  While  a  discontinuous  flame  sheet  can  occur 
in  real  turbulent  diffusion  flames,  such  calculated  spottiness  is  not  physically  -  based .  To  avoid  this  difficulty 
in  the  extinction  residence  time,  a  reactor  inlet  equivalence  ratio  of  unity  is  used  in  every  cell  where  the 
combustion  limits  are  satisfied  in  this  cell. 

The  extinction  time  scale  XM,  is  a  function  of  th©  local  mean  temperature  and  an  equivalence  ratio  that  is 
set  equal  to  unity  to  avoid  resolution  problems  (see  above).  Therefore,  in  th©  comparatively  isothermal 
region  between  the  fuel  source  and  th®  anchor  position  of  a  lifted  flame,  the  extinction  time  scale  should 
remain  relatively  constant.  As  is  indicated  in  Figure  6-30  for  a  simple  jet  diffusion  flame,  th©  hydrodynamic 
time  scale  x,,  will  be  much  less  than  th©  extinction  time  scale  in  the  high  shear  region  near  the  fuel  jet  exit.  It 
will  increase  monotonically  with  downstream  distance  along  the  stoichiometric  contour.  At  the  lift-off  height 
and  in  the  vicinity  of  the  stoichiometric  contour,  the  hydrodynamic  time  scale  will  be  equal  to  th©  extinction 
time  scale,  and  reaction  will  occur  with  an  abrupt  temperature  rise.  Due  to  the  temperature  increases  the 
laminar  viscosity  increases  and  the  density  decreases.  In  the  flame  region,  th©  entrainment  flux  increases 
by  a  significant  amount,  and  the  dissipation  rat©  will  increase  accordingly.  Therefore,  th©  hydrodynamic 
time  scale  tends  to  increas©  in  th©  flam©  zone,  (see  Equations  6.77  and  6.80).  Conversely,  th©  extinction 
time  scale  decreases  with  an  increase  in  temperature  (see  Figure  6-28).  Since  reaction  is  permitted 
wherever  x.  >  xm(I  th©  fact  that  x,  increases  and  x„,  decreases  with  increase  in  temperature,  tends  to 
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phenomenon.  Only  the  extinction  criteria  are  upwinded,  th®  reaction  rate  source  terms  are  a 

local  cell  properties. 


As  a  preliminary  evaluation  of  the  EDO  model  implemented  in  the  2D -PREACH  CFD  code,  as 


coflowing  airstream  in  an  enclose* 
tube  of  3.3  mm  diameter  with  a  0 
intensity  of  0.4  %;  air  temperature 

For  the  calculations  the  pros 
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pane  was  assumed  to  have  a  temperature  of  260.9° K  wf 
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the  axial  position  at  which  the  extinction  criteria  were  satisfied  in  a  sing!©  cell;  the  upper  band  limit 
represents  the  axial  location  at  which  the  extinction  criteria  were  satisfied  in  two  or  more  adjacent  cells  along 
a  radius.  This  is  a  somewhat  arbitrary  method  of  accounting  for  the  observed  need  for  a  product  build  -  up  to 
establish  a  stab!©  Ham®.  Although  differences  in  flowfield  could  be  expected  between  the  isothermal  and 
nonisothenmal  calculations,  the  agreement  of  the  calculated  flame- lifts  are  in  good  agreement.  The 
two-cell  condition  improves  the  agreement  with  the  measurements. 

6.7  Hybrid  itodtefcg 
6.7.1  Sratedtetoini 


Two  basic  extremes  to  quantitatively  describing  LBQ  behavior  have  been  presented.  They  are,  on  one 
hand,  extremely  complex  and  inherently  expensive,  and  on  the  other  hand,  extremely  simple,  initially 
expensive,  and,  requiring  extrapolation.  In  Section  6.6  the  concept  of  stirred  reactors,  developed  in  Section 
6.2  for  correlation  of  LBQ  data,  was  further  developed  at  the  micro-scale  level  and  applied  as  a  subgrid  field 
calculation  integral  with  a  CFD  code.  Due  to  cost  considerations  it  was  necessary  in  this  procedure  to  forgo 
detailed  chemistry  calculations.  The  calculations  were  still  computationally  expensive,  and  probably 
prohibitively  so  for  such  purposes  as  obtaining  engine  stability  characteristics  such  as  illustrated  in 
Figure  1  -3.  This  is  the  extremely  complex  and  expensive  approach.  Examination  of  the  LBO  data  from  the 


different  regions  of  the  combustor,  and  that  universal  experimental  data  correlations  for  a  wide  variety  of 
combustors  couid  never  b®  expected.  This  is  the  extremely  simple  approach.  Clearly,  a  middle-ground 
approach  might  merit  consideration. 

Given  the  difficulties  described  above,  known  characteristics  of  LBO  (flame  lift  and  partial  premixing  - 
Section  6.3)  can  be  exploited  to  derive  a  middle-ground  approach  that  might  b©  suitable  for 
engineering -quality  calculations  of  LBQ  in  real  combustors.  The  approach  is  a  hybrid  one,  where  the 
chemistry  is  uncoupled  from  the  aerodynamics,  and  the  chemical  calculations  are  performed  as  a  form  of 
postprocessing  activity  to  the  stationary  state  CFD  solution.  This  separation  would  imply  that  mixing  and 
chemical  time  scales  caa.be  treated  as  being  very  different.  This  is  not  a  bad  approximation  at  typical  engine 
LBQ  conditions,  it  is  however,  only  true  in  a  global  sens©  (gross  fuel/air  distributions)  and  not  in  an 
eddy-sense  (esrtremely  local  fuel/air  distributions).  Thus,  two  observed  and  important  aspects  of  the  LBQ 
process  are  apparently  explicitly  ignored:  the  general  nonstationary  behavior  of  the  mean  flow,  and,  the 
unity  Damkohler  Number  effects  of  turbulence/chemistry  interactions.  (Some  aspects  of  these  can  be 
addressed  implicitly  however,  in  the  detailed  development). 

6.7.2  Hybrid  CFD/Slrrod  Fl®si(st®r  Elodeltof  ©®ira@©pt 


Bragg  [18.]  proposed  that  a  gas  turbine  combustor  could  be  modeled  as  a  perfectly -stirred  reactor 
(PSR)  or  later,  as  a  well-stirred  reactor  (WSR)  representing  the  primary  zone  where  flame  is  held,  followed 
by  a  plug -flow  reactor  (PFR)  representing  the  intermediate  zone  where  secondary  bum -up  takes  place; 
the  dilution  zone  was  taken  not  have  a  combustion  function,  but  served  as  a  mixer.  A  WSR  is  a  reacting 
volume  within  which  the  time-scales  of  turbulent  mixing  are  assumed  to  be  finite  but  are  less  than  the 
chemical  time-scales.  For  a  PSR,  the  ratio  of  mixing  to  chemical  times  is  zero.  A  PFR  is  a  PSR  transversely 
across  the  flow  direction,  but  not  longitudinally.  Thus,  a  PSR  is  zero-dimensional,  but  a  PFR  is 
one-dimensional. 

Experimental  realizations  of  (near)  PSR’s,  e.g.,  Longwell  et  a!.,  [20.]  and  Longwell  &  Weiss  [76.],  when 
operated  at  near-blowout  conditions  have  indicated  that  blowout  occurs  locally  while  global  stability  still 
exists,  [77.].  This  implies  development  of  three-dimensionality,  and  it  follows  from  this  that  representation 
of  the  primary  zone  by  a  single  reactor  is  inappropriate. 

With  this  realization,  Bragg’s  idea  can  be  generalized,  where  the  total  fluid  in  the  combustor  is 
partitioned  into  a  number  of  flow  structures  that  define  “reactors,”  and  “surrounding  fluid,"  which  includes 
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all  of  the  remaining  fluid,  regardless  of  turbulence  scale.  The  composition  and  temperature  of  the 
“surrounding  fluid”  constitute  the  feed  stream  conditions  to  the  reactors.  These  ideas  are  common  to  the 
Magnussen  microscale  approach  (Section  6.6),  but  are  used  here  in  a  supra-grid  approach.  The 
“surrounding  fluid”  providing  the  feed  stream  for  a  given  “reactor”  could,  in  fact,  be  the  products  streams 
from  other  reactors,  or  fresh  reactants,  or  any  combination  of  these.  The  resulting  network  of 
interconnected  reactors  of  various  types  and  sizes  represents  the  globally  active  regions  of  the  complete 
combustor.  With  such  a  network,  portions  of  the  network  can  undergo  blowout  while  overall  combustion 
continues  via  other  portions  of  the  network. 

To  be  able  to  model  the  chemical  reactions  occurring  within  the  reactors,  it  is  necessary  to  know  the 
reactor  volumes  and  types,  as  well  as  the  mass  exchange  rates  between  the  reactors  and  the  surrounding 
fluid,  and  the  connectivity  linking  the  individual  reactors  into  a  network.  In  other  words,  it  is  necessary 
to  represent  the  aerodynamics  (hydrodynamics)  of  the  complete  combustor.  CFD  methods  can  provide  all 
this  information. 

Such  network  representations  of  the  combustor  have  been  used  previously,  e.g.,  Correa  &  Overton 
[78.],  with  very  simple  and  intuitively-derived  networks.  In  the  hybrid  approach,  the  network  can  be  more 
rigorously  derived  from  a  CFD  solution  using  the  gradient  analysis  techniques  of  Swithenbank  (Section  6.4) 
for  reactor  definition,  together  with  streakline  postprocessing  for  connectivity;  mass  exchange  and 
feedstream  temperatures  can  also  be  obtained  from  the  appropriate  CFD  fields. 

6,7.3  Reactor  Network  Determination 

A  CFD  solution  of  the  combustor  flowfield,  for  isothermal  flow  (or  with  a  simple  combustion  model 
to  establish  the  effect  of  heat  release  on  the  flowfield)  can  be  postprocessed  to  establish  reactor  volumes, 
types  and  connectivity. 

The  “reactor”  regions  are  established  through  postprocessing  the  CFD  solution  to  reveal  flowfield 
features  such  as  recirculation  zones.  For  a  recirculation  zone,  for  example,  the  following  information  is 
required: 

(i)  volume 

(ii)  recirculated  mass  flow  rate 

(iii)  mean  residence  time 

(iv)  temperature  or  mean  equivalence  ratio 

(v)  range  of  turbulence  dissipation  gradient  values  present. 

Although  great  progress  is  being  made,  e.g.,  Globus  et  al.,  [79.],  direct  computation  of  fluid  flow 
topology  in  three-dimensional,  multispecie,  nonisothermal,  chemically-reacting  flowfields  has  not  yet  been 
derived  in  sufficient  generality  for  many  of  the  complex  flow  features  present  in  gas  turbine  combustors. 
For  this  reason  an  indirect  approach  was  developed  for  the  needed  information.  The  approach  involved 
a  Lagrangian  technique  of  particle  tracking  (using  streaklines-the  trajectories  of  zero  mass,  infinite  drag 
particles)  and  an  algorithm  based  on  the  elapsed  time  interval  since  a  particle  at  a  point  of  interest  was 
introduced  into  the  computational  domain.  Neighboring  particles  residing  in  other  topological  features, 
will  have  different  elapsed  times,  e.g.,  a  stagnation  surface  for  closed  recirculation  zones  may  be  defined 
as  the  boundary  between  a  region  within  which  particles  have  infinite  residence  times  and  adjacent  regions 
where  the  residence  time  is  finite.  Boundaries  of  recirculation  zones  so-defined  can  be  displayed  using 
tangent  surfaces  and  conventional  surface  contour  plotting.  The  residence  times  can  be  computed  by 
tracking  a  particle  backwards,  forwards  and  sideways  to  the  tangent  surfaces  (zero-velocity  boundaries). 
The  recirculated  mass  flowrate  can  be  computed  by  summing  the  mass  flowrate  of  each  computational 
particle  along  its  trajectories,  i.e., 
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6.128 


V  =c@II  volume 

p  =c@ll  density  (to  which  th©  particle  density  is  equal) 

t  =total  ©lapsed  time  a  particle  is  in  the  recirculation 
N  =  number  of  particles  in  the  recirculation 


The  boundaries  of  regions  for  other  criteria  can  be  defined  by  selecting  the  appropriate  elapsed  time 
thresholds.  Special  procedures  are  necessary  to  track  streaklines  with  adequate  accuracy  in  regions  of 
high  velocity  gradient.  Algorithms  are  also  used  to  perform  volume  integrations  for  3-D  surfaces  of  arbitrary 
scalars. 


To  determine  whether  or  not  a  region  of  th®  combustor  is  designated  as  a  “reactor”  or  not,  the 
calculated  local  fuel/air  ratios  in  th©  region  must  be  within  established  flammability  limits.  If  a  reacting  flow 
CFD  solution  is  used,  reaction  must  be  “undone"  to  estimate  the  fuel/air  ratios.  For  propane/air  systems,  th© 
experimental  flammability  data  provided  by  Barnett  &.  Hibbard  [44.],  were  used.  If  th©  calculated  local 
fuel/air  ratio  was  outside  of  these  limits,  th©  region  was  designated  as  a  nonreacting  “mixer.” 

To  ascertain  ff  a  designated  reactor  region  is  qualified  as  being  perfectly  stirred,  the  dissipation 
gradient  method  of  Swithenbank  [21 .],  was  used.  This  method  was  described  above  in  Section  6.4,  and  this 
description  will  not  be  repeated  here.  With  th©  dissipation  gradients  estimated  along  the  major  co-ordinate 
directions  from  th©  calculated  turbulence  fields  of  th©  CFD  solution,  tangent  surfaces  can  be  used  to 
establish  local  volumes  that  are  well-stirred;  plan© -surfaces  normal  to  flow  trajectories  can  be  used  to 
define  local  volumes  that  are  plugflow,  (see  definition  above).  These  are  both  tedious  processes,  and  some 
“lumping”  of  regions  into  larger  blocks  is  generally  convenient  to  keep  the  task,  and  th©  number  of  reactors 
resulting,  reasonable.  — 

When  the  established  reactor  volumes  are  super- imposed  on  streaklin®  plots  for  the  fiowfield,  th© 
connectivity  of  the  reactors  in  th©  network  can  be  determined. 


As  an  example  of  a  reactor  network  established  from  CFD  to  represent  a  combustor,  th©  simplified 
PW200  combustor  (Section  5.2)  was  considered  to  be  a  suitable  vehicle  to  illustrate  this.  Th®  combustor  rig 
had  high  optical  access  [30.]  for  flam©  observations  and,  an  adequate  experimental  description  of  its  LBO 
performance  (Section  5.5)  had  been  obtained,  together  with  some  limited  CARS  measurements  of  primary 
zone  temperatures,  (Section  5.4). 

The  CFD  calculations  of  the  PW200  combustor  were  mad©  using  the  P&W  NASTAF8  stationary-state 
solution  computer  code,  [80] ,  and  preliminary  results  of  these  calculations  were  presented  in  Reference  32. 

Th©  calculation  domain  represented  a  (repeating)  single  fuel  injector  segment  of  the  combustor,  to 
which  periodic  boundary  conditions  were  applied  on  th©  lateral  sides.  The  calculation  domain  consisted  of 
the  combustor  only  (no  shrouds,  etc.)  and  th©  domain  was  filled  bya109  x  53  x  49  (283,073  nodes) 
body-fitted  grid;  however,  grid-independent  solutions  are  not  claimed  even  with  this  nodal  density. 
Figure  6-32  gives  an  orientation  and  assessment  of  th©  grid  upon  which  the  calculations  were  made; 
treatment  of  th®  combustion  air  ports  in  the  liners  is  noteworthy. 
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The  reacting  flow  case  had  a  totaJ  airflow  of  1 .1632  Ibm/sec.  (including  shroud  bypass  air)  at  297. 6K; 
the  bypass  air  (see  Figure  5-1  and  Figure  5-2)  was  0.422  Ibm/sec.  Pressure  in  the  combustor  was  14.73 
p.s.i.a.  Flow  splits  were  as  for  the  isothermal  case.  The  combustion  model  used  was  the  standard 
EBU -version,  which  does  not  provide  a  good  representation  for  the  given  operating  conditions  where 
chemical  kinetics  are  important. 
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y  in©  sanem  features  of  in©  calculated  combustor  fiowfields 
complication  involved.  Figure  S-33  shows  calculated  iso— su 
of,  for  reference  purposes,  Magnitude  1,  in  th©  isothermal 
tmonsiomal  impression  of  the  major  flow  features  assisting  in  th 
his  calculation  was  air.  although  tracer— tennssun  was  n<?eri  tn 1 
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nmediately  identifiable,  from  th©  front  of  th©  combustor,  ar® 

>r,  th©  individual  insert  swirter  jets  (for  geometric  details  of 
5.2  and  4.3)  surrounding  th©  fuel  injector,  th®  first  row  of  combustion  air  jets  as  opposed  pairs  on  either  side 
of,  and  inlin©  with,  th©  fuel  injector  jet,  th©  second  row  of  loner  air  jets  as  larger  diameter,  opposed  pairs  that 
are  laterally  disposed  b©tw©©n  th®  first  row  jets,  and  so  on,  along  th©  combustor.  Not©  th©  account  of  th® 
effect  of  shroud  bypass  flows  on  th©  jet  initial  angles.  Th©  spent  dome  impingement  cooling  air  was 
discharged  axially  as  a  liner  coaling  film  at  th©  upper  and  lower  liner/dome  interfaces. 

Th®  insert  swifter  jets  (together  with  th©  fuel  injector  internal  geometry  -  see  Rgur©  4-2)  act  by 
confinement  to  prevent  th©  weakly-swirling  (LS  injectors  used)  jet  leaving  th©  fuel  injector  from  spreading 
much  radially.  It  can  be  seen  that  th®  first  row  air  jets  penetrated  to  the  combustor  horizontal  centerline 
before  completing  their  turn  to  flow  axially. 

The  lateral  spreading  of  the  combustion  air  jets  resulting  from  their  high  penetration  and  resulting 
collision,  can  be  seen  in  Rgur©  6-34,  where  Magnitude  2  velocity  is  less  than  Magnitude  1  velocity  in 
Rgure  6-33.  The  view  in  Rgur©  6-34  is  from  the  top  of  the  combustor,  with  the  upper  liner  removed  for 
clarity.  As  in  Rgur®  6-33,  th©  bounds  of  th©  calculation  domain  that  are  physical  wall  are  shown  by  means 
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Figure  6-34.  Vertical  View  of  Isothermal  CFO  Calculation  with  Iso-Surfaces  of  Mean  Axial  Velocity 
(At  Magnitude  2),  Showing  Lateral  Spreading  of  Colliding  Transverse  Combustion 
Air  Jets 

The  consequential  blockage  to  exiting  primary  zone  flow  represented  by  the  colliding  combustion  air 
jets  caused  the  coherent  swirling  jet  from  the  airblast  fuel  injector  to  divide  into  two  diagonally -opposed 
lobes  in  order  to  escape  from  the  combustor  primary  zone.  Asymmetric  splitting  of  the  fuel  injector  jet  into 
two  lobes  was  due  to  the  swirl  velocity  component  that  this  jet  contained. 

Figure  6-35  and  Figure  6-36,  respectively,  show  contour  plots  of  mean  axial  velocities  on  vertical 
planes  inline  with,  and  between,  the  fuel  injectors;  the  plots  reveal  the  regions  of  flow  reversal  (shown  as 
hatched  areas). 
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Note  Shat  the  blockage  of  She  pairs  of  combustion  air  jets  inline  with  th®  injector  produced  a  small 
region  of  reverse  flow  in  th©  center  of  th©  fuel  injector  jet  as  it  began  to  split  into  lobes,  and  that  this  caused 
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Figure  6-38  w©r©  all  present,  although  velocity  magnitudes  w@r©  of  eours©, 
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changed  somewhat.  Maximum 


gas  temperatures  and  the  majority  of  the  heat  release  were  contained  between  the  dome  and  the  first  row  of 
combustion  air  jets;  some  moderately  high  temperatures  were  encountered  in  the  immediate  wake  regions 
of  the  first  row  of  combustion  air  jets.  There  was  no  reaction  taking  place  downstream  of  the  second  row  of 
combustion  air  jets.  The  temperature  levels  calculated  were  much  above  those  measured  (Section  5.4)  due 
to  the  limitations  of  the  EBLJ  combustion  model.  The  presence  of  the  small  recirculation  region  on  the  fuel 
injector  jet  centerline  due  to  collision  of  the  first  row  of  air  jets,  resulted  in  a  “notched  flame’  appearance;  this 
feature  was  visually  observed  in  the  actual  flames  during  PW200  combustor  testing.  The  “burned 
equivalence  ratio”  in  the  dome  recirculations  was  around  0.6,  and  in  the  wakes  of  the  first  row  combustion 
air  jets  it  was  0.4  -  0.6;  in  the  small  recirculation  bubble  at  the  jets  confluence  it  was  about  0.5. 

Some  indication  of  hot  flow  tracing  can  be  obtained  from  Figure  6-37  and  Figure  6-38,  which  show 
particle  trajectories  for  tracers  introduced  on  the  fuel  injector  centerline  and  around  its  periphery, 
respectively.  Figure  6-39  and  Figure  6-40  show  first  row  combustion  air  jet  behavior  by  the  same 
technique. 


Figure  6-37.  Tracer  particle  TJ-ajjectorSes  for  the  Inner  Regions  ©f  the  Fuel  Injector  Jet 
(Reacting  Flow):  Along  and  Across  (Upstream  of  Combustion  Air  Jets) 
the  Combustor,  (Rote  the  Absence  of  Swirl) 


Fluid  from  the  center  region  of  the  fuel  injector  jet  achieved  significant  radial  displacement  as  it  moved 
downstream,  (Figure  6-37).  This  resulted  from  two  causes:  first,  entrainment  into  the  outer  regions  of  the 
injector  jet  and  insert  swirler  jets,  and  second,  by  encountering  the  central  recirculation  at  the  jets 
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Consideration  of  the  traces  shown  in  Figure  6-37  to  Figure  6-40  inclusive,  reveals  that  fluid 
introduced  into  the  combustor  via  a  given  source  (fuel  injector,  combustion  air  jet,  etc.)  is  well -dispersed 
throughout  the  combustor  volume  in  a  downstream  direction.  While  dispersion  is  not  exactly  the  same  as 
mixing,  the  high  degrees  of  dispersion  achieved  suggests  that  mixing  rates,  at  least  on  a  global  basis, 
high  in  the  PW200  combustor. 


are 


(Reacting  Flow):  Across  to©  Combustor 


The  CFD  calculations  reveal  some  interesting  features  concerning  the  behavior  of  the  PW200 
combustor  at  near— blowout  conditions.  The  swirling  jets  from  the  fuel  injectors  are  sufficiently  confined  by 
their  surrounding  insert  swirler  air  jets  and  the  basic  internal  geometry  of  the  injector  itself,  that  they  retain 
their  coherence  in  the  dome  region  of  the  combustor.  The  closeness  of  the  first  row  of  combustion  air  jets  to 
the  dome,  their  lateral  spacing  and  alignment  with  the  fuel  injector  centerlines,  together  with  the  jet 
penetration  achieved,  together  result  in  a  close-coupled  jet  system  with  the  fuel  injector  in  the  short 
primary  zone.  The  consequential  aerodynamic  blockage  to  escape  of  primary  zone  flow  represented  by  the 
colliding  combustion  air  jets  and  their  subsequent  lateral  spreading  (Figure  6-34),  causes  the  coherent 
swirling  jet  from  the  airblast  fuel  injector  to  divide  into  two,  diagonally-opposed,  lobes,  in  order  to  exit  from 
the  combustor  primary  zone.  The  combustion  air  jet  system  establishes  ample  regions  of  reverse  flow  to 
provide  jet  flame- holding  if  supplied  with  suitable  fuel/air  mixture.  The  major  regions  of  recirculation 
providing  flame  stability  are,  however,  between  fuel  injectors  with  recirculation  back  to  the  dome.  Smaller 
recirculations  to  the  dome  exist  above  and  below  the  injector  centerlines. 


The  flow  features  observed  in  the  calculations  are  established  by  the  combustor  geometry,  and  tl,« 
strong  aerodynamic  interaction  of  the  closely-coupled  flow  features.  These  structures  and  their  behavior 
are  not  significantly  changed  by  the  heat  release  due  to  combustion  at  near-blowout  operating  conditions. 


It  is  interesting  to  compare  the  calculated  flow  fields  in  the  PW200  combustor  to  the  measured  behavior 
in  Section  4.0  for  a  single  injector  without  transverse  combustion  air  jets  in  the  PW150  combustor.  The 
modification  of  flame  behavior  due  to  the  closely- coupled  first  row  of  combustion  air  jets  is  dramatic.  The 
PW150  results  do  give  an  added  perspective  on  how  the  coupling  arises,  which  is  not  only  through  the 
positioning  of  the  first  row  of  transverse  air  jets  but  is  also  a  factor  of  the  local  stoichiometry. 
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From  Section  S.4  it  was  determined  that  th©  limiting  condition  of  th©  dissipation  gradient 
d(p  I  q  <i(x/  ),  to  adequately  r©pr©s©nt  a  PSR  was  a  value  not  to  ®xc@©d  10.0. 

Information  on  th©  dissipation  gradient  was  obtained  from  th©  calculated  turbulence  field  by 
post -processing.  Th©  information  is  difficult  to  represent,  but  Figure  6-41  attempts  to  do  this.  In  th© 
0©nafae  combustor,  th®  CFD  results  indicate  that  th©  surface  contour  representing  ' 

_ r _  „ _  -  —  _  -  --  r . —  ,  -  and  the  regions  around  and 

downstream  of,  th©  first  row  of  combustion  air  jets.  Well— stirred  reactor  (W8R  -  d©fin©d  as  regions  of  high 
turbulence  kinetic  energy  and  high  turbulence  dissipation,  but  having  dissipation  gradients  greater  than 
10.0)  regions  ©Kist  downstream  of  th©  primary  zona  in  th©  wak©  regions  downstream  and  around  th©  other 
transverse  air  jets,  but  being  somewhat  towards  the  combustor  wall  rather  than  towards  th©  center  of  th© 


three  series  reactors.  When  Figure  6-42  is  compared  to  the  calculated  flowfield  information  in  Section  6.74, 
it  is  relatively  easy  to  relate  the  network  to  the  flowfield. 

The  initial  plug -flow  reactor  (PFR)  represents  the  fuel  and  air  discharges  from  the  fuel  injector, 
together  with  a  portion  of  the  dome  flow  from  the  insert  swirlers  concentric  with  each  injector.  The  region  is  a 
PFR  because  of  the  strong  unidirectionality  of  the  flow;  generally,  the  stoichiometry  exceeds  the  rich 
flammability  limits  (depending  on  the  combustor  loading),  and  conditions  are  influenced  by  recirculated 
flow  that  is  fed  back  into  the  inlet  by  the  large  parallel  reactor.  The  second  region  is  generally  an  active 
reactor  because  the  remainder  of  the  insert  swirl er  air  and  the  dome  film  cooling  air  have  mixed  -  in  to  bring 
the  local  equivalence  ratio  within  the  flammability  limits  for  lower  values  of  fuel  flow.  The  third  reactor  in  the 
series  represents  the  recirculations  on  the  injector  centerlines  that  are  set  up  by  the  impact  and  interactions 
of  the  first  row  of  combustion  air  jets  with  the  injector  jets.  The  reactor  in  parallel  with  the  first  three  reactors 
provides  recirculation,  and  represents  the  shaded  regions  in  Figure  6-35  and  Figure  6-36  around  and 
between  the  near-axial  jets  from  the  injectors.  The  dissipation  gradients  in  these  regions  of  the  combustor 
are  such  that  the  reactors  can  be  considered  as  perfectly-stirred  (PSR).  In  the  downstream  regions  of  the 
combustor  a  general  “preferred  direction  of  flow"  is  again  established,  and  with  growing  strength  with 
distance  from  the  dome.  PSR’s  would  not  be  totaly  appropriate  under  these  conditions,  so  PFR’s  are  used, 
and  individual  reactors  are  associated  with  the  remaining  air-addition  stages  in  the  combustor. 


non-dome  flow  non-dome  flow 

Notes: 

1 .  Dome  and  liner  mass  flowrates  separately  metered 

2.  L  =  reactor  length,  inches 

3.  A  =  reactor  cross-sectional  area,  sq.  inches 


Figure  6-42.  Network  of  Reactors  Representing  the  PW200  Combustor  at 
Near-Lean  Blowout  Conditions 
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I!  should  bo  noted  that  th©  sum  of  th©  individual  reactor  volumes  doss  not  oquato  with  th®  total  volume 
of  the  actual  combustor.  Th®  analysis  of  the  CFD  result  used  to  produce  the  network  suggested  that  not  all  of 
the  available  combustor  volume  was  effectively  utilized  for  combustion,  at  least  at  near-blowout 
conditions. 

Th©  network  of  Figure  6-42  does  not  represent  the  only  interpretation  of  the  CFD  results  that  is 
possible.  It  os  the  simplest  on®,  however;  complication  could  be  added  later  as  necessary  in  the  event  of 
shortcomings  being  revealed.  Although  it  is  relatively  simple,  the  network  of  Figure  6—42  represents  a 
considerable  improvement  over  Bragg’s  original  concept  of  representing  the  complete  combustor  as  a 
single  PER  for  the  primary  zone,  followed  by  a  PFR  for  the  intermediate  and  dilution  zones. 

In  making  lean  blowout  calculations  with  the  network,  it  is  assumed  that  the  combustor  ftowfield 
represented  by  th©  reactor  network  shown  in  Figure  6-42  is  established  by  the  geometric  boundary 
conditions  supplying  the  flows  entering  th©  combustor,  and  by  the  relationship  of  these  geometric  features 
to  each  other.  The  flowfield  is  assumed  not  to  change  substantially  with  either  heat  release  rate  or  with 
combustor  operating  conditions  in  th©  lean  blowout  range.  Changes  in  operating  conditions  will  only  affect 
individual  reactor  residence  times  and  equivalence  ratios,  as  will  combustor  flow— split  changes. 

Many  other  well-established  practical  combustor  development  tools  also  rely  on  this  assumption, 
e.g.,  rheology  or,  water-analogy  (water-tunnel)  rigs  [81.].  Th©  heat  release  part  of  the  assumption  is 
largely  verified  by  comparing  the  nonreacting  and  reacting  flow  CFD  calculations  given  above.  Given  the 
closely-coupled  flowfield  character  of  the  PW2O0  combustor  primary  zone  and  the  confining  of  the  flame  to 
th©  primary  zone  at  LBO  conditions,  th©  assumption  appears  to  be  reasonable  in  the  present  instance  at 
least. 


LBO  of  the  PW20O  generic  combustor  is  to  be  modeled  by  representing  it,  from  a  process  point  of  view, 
as  a  simple,  eight -element  network  of  PSR’s,  PFR’s,  and  recirculating  reactors,  as  constructed  from  an 
analysis  of  CFD  calculations  for  the  flowfield.  The  detailed  chemistry  is  then  to  be  solved  on  the  network, 
uncoupled  from  the  fluid  dynamics. 

The  chemical  reaction  mechanism,  together  with  rat©  constants,  used  for  this  detailed  chemistry  was  a 
reduced,  quasi-global  one  based  on  that  by  Kollrack,  [51.], [52.],  for  JP5/Jei  A.  Th©  reaction  chemistry 
behavior  of  vaporized  JPS/Jet  A  resembles  that  of  propane,  the  prime  fuel  used  in  the  PW200  testing.  The 
reason  that  this  particular  mechanism  was  selected  was  that,  when  used  with  propane  thermodynamic 
properties  and  modifying  th©  global  steps  for  the  appropriate  C:H  ratio,  it  gave  the  best  representation  of 
LBO  of  several  competing  mechanisms  for  propane/air  combustion,  (Section  6.5)  when  compared  to  the 
experimental  blowout  curve  obtained  by  Clark©  ©t  al.  [61.],  for  a  well— stirred  reactor.  The  Kollrack 
mechanism  also  gave  good  agreement  with  the  experimental  LBO  data  of  the  PW10O  research  combustor 
(Figure  3-14). 

When  formulating  the  mechanism,  Kollrack  represented  the  multicomponent  real  fuel  by  the  generic 
fuel  molecule  The  shortened  mechanism  includes  a  two-stag©  fuel  molecule  breakdown 

(pyrolysis),  and  then  gives  emphasis  to  the  more  stable  intermediate  species  via  a  second  stage  in  which 
simplier  hydrocarbons  are  reacted,  and  a  third  stage  that  is  dominated  by  recombination  reactions  and  the 
conversion  of  CO  to  CO,  -  Included  in  it  is  the  extended  Zeldovich  mechanism  for  thermal  NO,  but  there  is 

no  account  of  “prompt”  NO- 

There  are  30-steps  involving  20  species,  and  the  complete  mechanism  is  given  in  Table  6-2. 
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The  forward  and  backwards  rate  constants,  kj,  are  taken  as  being  equal  (where  appropriate),  and  are 
given  in  Arrhenius  form,  e.g., 


kj  =  lOWtapi 


(-5) 
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@.7.7  Host  Losses 


Heat  losses  from  the  flam©  can  b©  important  at  lean  blowout  conditions.  For  the  PW200  combustor, 
where  at  LBO  conditions  flam©  is  confined  to  the  primary  zone,  heat  lost  from  the  primary  zone  through  the 
liner  walls  to  the  shroud  flow  is  essentially  lost  to  the  combustion  process. 

Heat  lo$s®s  for  the  PW200  oombuster  were  estimated  as  functions  of  airflow  at  close  to  blowout 
conditions,  and  were  accounted  for  through  a  downwards  adjustment  of  the  fuel  heating  value  from  that  for 


A  careful  protocol  was  established  to  ensure  that  the  correct  LBO  solution  was  achieved,  (see  Section 
6.5).  Calculated  LBO’s  of  th®  reactor  network  ware  obtained  to  meet  an  objective  value  of  combustor 
loading  parameter  by  first  establishing  for  the  appropriate  airflow,  reaction  at  or  near  stoichiometric  primary 
zone  fuel/air  ratio  and  atmospheric  pressure,  then,  reducing  pressure  in  several  steps  to  the  desired  level 
while  maintaining  high  primary  zone  temperatures,  and  finally,  progressively  reducing  the  fuel  in 
ever-smaller  decrements  at  th®  desired  and  constant  pressure  level.  Th©  fuel  decrement  step  size  was 
decided  based  on  the  rate  of  change  of  the  critical  reactor  (th®  one  sustaining  combustion)  outlet 
temperature. 

To  avoid  confusion  between  th©  stable  intense -reaction  and  th©  unstable  weak -reaction  branches 
existing  below  th©  equilibrium  state,  and  represented  on  th©  characteristic  S-shaped  curve  of  temperature 
versus  residence  time  for  a  PSR  (Figure  6-16),  use  was  mad©  of  an  extinction/ignition  state  to  establish 
blowout.  At  the  ignition  state  the  rate  of  heat  release  in  the  reactor  is  such  that  it  is  no  longer  balanced  by  the 
heat  transport  through  the  reactor.  This  leads  to  an  increase  in  the  reaction  temperature  that  induces  a 
coupled  increase  in  the  reaction  rate,  culminating  in  the  runaway  event  of  ignition.  For  present  purposes,  no 
explicit  distinction  is  made  between  ignition  and  extinction,  which  may  be  viewed  as  the  reverse  of  ignition. 
A  blowout  was  thus  assumed  when  the  computer  cod©  either  failed  to  find  a  solution  (rare),  or,  when  all 
reactor  temperatures  had  fallen  below  a  conservative  1480° K  (2200°F),  based  on  a  suggestion  of  Appleton 
&  Haywood  [82.].  Choice  of  this  particular  temperature  allows  for  some  implicit  account  of  the  nonstationary 
behavior  know  to  proceed  a  blowout  event,  (Figure  3-10,  for  example). 

6.7.®  Reactor  W©te?@r£s  Cod© 

The  reaction  mechanism  given  in  Table  6-2  was  solved  on  the  reactor  network  illustrated  ip 
Figure  6-42  by  means  of  the  M1ARK2I  interactive  computer  cod©  of  Pratt  &  Pratt  [83.].  Th®  MARK2I  code 
uses  the  CREK  chemical  kinetic  package  of  Pratt  &  Wormeck  [84.],  and  is  conveniently  run  on  a  RC. 
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6.7.10  Preliminary  Test  of  Hybrid  CFD/Stiirrsd  Reactor  Modeling 

The  limited  fields  of  mean  temperatures  measured  by  CARS  in  the  PW200  combustor  (Section  5.0) 
were  used  as  the  basis  for  a  preliminary  evaluation  of  the  hybrid  CFD/stirred  reactor  modeling  approach. 

From  the  measured  distributions  of  mean  temperature,  data  in  an  axial  band  of  width  2  cm  inline  with  a 
fuel  injector  at  the  combustor  midheight,  were  extracted.  The  measured  axial  distribution  was  compared 
against  the  calculated  temperatures  at  the  exit  from  each  of  the  seven  inline  reactors  of  the  network,  when 
the  network  was  run  with  the  inlet  conditions  appropriate  to  the  measurements.  Similarly,  from  the 
measured  data,  the  maximum  and  minimum  temperatures  for  a  2  cm  wide  band  midway  between  fuel 
injectors  was  compared  with  the  outlet  temperature  from  the  recirculation  reactor. 

Figure  6-43  shows  the  comparison  of  measurements  and  calculations  inline  with  fuel -injectors.  The 
reactors  are  marked  by  number,  with  Number  1  being  the  first  PFR,  and  the  downstream  distance  that  they 
each  occupy.  The  measured  temperatures  are  represented  by  the  maximum  and  minimum  values 
encountered  in  the  2  cm  band  width  at  each  measurement  distance  from  the  combustor  dome.  Reactor  No. 
7  is  not  shown  since  it  extends  beyond  the  range  of  the  measured  data.  Figure  6-44  contains  similar 
information  for  the  recirculation  region  between  injectors. 


Distance  Downstream  from  Bulkhead,  mm 


Figure  6-43.  Comparison  of  Network  Realtor  Outlet  Temperatures  Against  CARS  Temperature 
Measurements  Inline  with  a  Fuel  Injector  on  the  PW200  Combustor  Horizontal  Mid -Plane 
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(iii)  a  hybrid  CFD/stirred  reactor  network  approach  wherein  the  calculated  flowfield  is  used  to 
establish  a  global  network  of  stirred  reactors  upon  which  detailed  chemistry  is  solved 
uncoupled  from  the  flowfield. 

In  addition,  correlation  groups  for  experimental  LBQ  data  were  developed  in  terms  of  stirred  reactor 
concepts. 

There  are  two  commonalities  in  all  of  these  pieces  of  work:  First,  that  turbulent  diffusion  flames  near 
blowout  always  involve  some  significant  degree  of  premixing  of  reactants  at  some  appropriate  length  scale. 
Second,  that  stirred  reactor  modeling  concepts  represent  a  useful  method  of  addressing  the  partial 
premixing  aspects.  These  commonalities  have  been  applied  in  markedly  different  ways  to  describe  the  LBO 
problem,  and  the  methods  of  application  show  different  blends  of  sophistication  and  pragmatism.  The  three 
modeling  approaches  involve  respectively,  no  chemistry,  a  single-step  reaction,  and,  multi-step  reaction 
chemistry.  The  way  that  chemistry  is  incorporated  reflects  concerns  of  total  calculation  costs.  The 
preliminary  evaluations  of  the  modeling  suggest  that  they  all  do  hold  some  promise. 
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SECTION  7.0 
MODEL  EVALUATION 


7.1  Intent 

Preliminary  evaluations  of  the  modeling  approaches  were  described  in  Section  6.0.  These  evaluations 
were  sufficient  to  establish  the  efficacy  of  each  approach,  but  they  were  neither  extensive  nor  rigorous 
enough  to  establish  the  validity  of  an  approach  for  successfully  modeling  the  lean  blowout  process  in  a  gas 
turbine  engine  combustor.  For  this  purpose,  the  experimental  data  gathered  in  the  PW1 00  and  PW200 
combustors  served  as  an  appropriate  database.  The  PW1 00  combustor  was  important  because  it  exhibited 
(Figure  3-6),  both  attached  and  lifted  flame  behavior.  The  presumption  of  flame-lift  and  subsequent 
partial -premixing  of  reactants  formed  a  corner-stone  idea  in  all  of  the  modeling  approaches.  The  PW200 
combustor  was  important  because  it  represented  a  gas  turbine  generic  combustor  for  which  extensive  LBO 
data  were  available,  and  which  included  some  flow  split  variations  of  significance.  The  PW150  combustor 
was  viewed  only  as  a  diagnostic  tool  for  understanding  the  behavior  of  the  PW200  combustor,  and  therefore 
did  not  form  part  of  the  evaluation  database. 

7.2  Evaluation  of  EDO  Combustion  Model  In  the  PW100  Combustor 

The  PW100  combustor  appeared  to  be  ideal  vehicle  for  a  continuation  of  the  evaluation  of  the  EDC 
model  as  incorporated  into  the  2D -PREACH  CFD  code.  The  PW1 00  combustor,  being  a  step -combustor, 
exhibited  in  a  recirculating  (i.e.,  elliptic  as  opposed  to  the  parabolic  field  used  in  Section  6.10)  flowfield,  a 
lifted— flame  behavior,  (Figure  3—6  and  Figure  3—10).  The  EDC  model  should  be  capable  of  capturing  this 
behavior. 

A  number  of  cases  of  interest  were  calculated,  as  described  in  Table  7-1.  Accompanying 
experimental  data  (with  LDV  and  CARS  measurements)  were  made  for  an  airflow  of  1,000  SLPM.  This 
airflow  resulted  in  Reynolds  Numbers  that  were  less  than  desirable.  Since  locally-laminarized  flame 
regions  have  been  commonly  observed  for  free  propane  jets  with  Reynolds  Numbers  less  than  9,000,  these 
PW100  flow  conditions  and  the  resulting  Reynolds  Numbers  may  be  sufficiently  low  as  to  represent 
transitionally-  turbulent  conditions.  The  calculations  of  course,  only  address  fully-turbulent  flow 
conditions. 

The  calculations  assumed  that  the  mean  flows  in  the  combustor  were  axisymmetric,  and  that  they  were 
stationary.  The  mesh  size  used  was  77  x  57  for  one -half  of  the  combustor  from  the  geometric  axis  of 
symmetry,  and  the  grid  expanded  in  both  downstream  and  radial  coordinate  directions.  For  the  fuel  tube,  15 
cells  were  used,  and  5  were  used  in  the  air  annulus.  The  start  of  the  calculation  domain  was  taken  as  the 
physical  confluence  of  the  fuel  and  air  jets,  and  it  extended  downstream  for  the  combustor  length  with  the 
260  mm  extension  chimney,  for  a  total  length  of  735  mm.  Inlet  boundary  conditions  were  estimated  from 
experimental  conditions,  and  from  an  analysis  of  the  measurements  taken  at  an  axial  station  of  7  mm 
downstream  from  the  step-plane.  The  initial  value  for  turbulent  Schmidt  Number  was  0.9.  This  value  is 
really  only  appropriate  for  wall  boundary  layers;  a  value  of  0.7  has  been  found  appropriate  for  jet  flows,  and  a 
value  of  0.5  for  recirculating  flows  [85.]. 

7.2.1  Basic  Flowfield  (Case  N23) 

The  efficacy  of  the  calculations  forflame-lift  is  not  determined  solely  by  the  EDC  combustion  model.  It 
is  also  governed  by  the  basic  abilities  of  the  CFD  code  to  calculate  the  mean  flow  field  and  the  turbulent 
mass  transport  of  fuel,  air  and  products.  This  latter  aspect  also  involves  the  presumption  that  the  mean  flow 
is  indeed  stationary.  The  nitrogen  case  N23,  (Table  7-1)  was  used  to  establish  the  mean  field  accuracy. 
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Figure  7-1  shows  th©  comparison  of  measured  and  calculated  centerline  mean  axial  velocity,  and 
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Flgur©  7-2.  Comparison  of  CaSeu8at®d  and  Mleasyresl  RadSaJ  ProflS©®  of  AnSa! 

Velocity  for  Cas®  N23 

The  comparisons  reveal  that  the  calculated  centerline  recirculation  bubble  (see  Figure  3-3  for  a 
different  set  of  measurements  at  higher  Reynolds  Number  and  using  pure  air)  develops  more  rapidly  and  its 
reverse  flow  velocity  is  stronger  than  measured;  also,  its  axial  extent  is  less  than  that  measured.  The 
experimental  recovery  of  centerline  mean  axial  velocity  was  greater  than  that  calculated.  The  radial  profiles 
of  mean  axial  velocity  suggest  that  the  calculated  step  recirculation  zone  length  may  be  longer  than  that 
measured.  Perturbations  of  the  initial  inlet  profiles  in  the  calculation  did  not  significantly  change  this 
behavior.  The  behavior  is  typical  of  that  associated  with  the  turbulence  model  used  in  the  cod®  [74.].  Clearly, 
the  level  of  calculation  accuracy  is  determined  by  the  turbulence  model,  and  assessment  of  the  EDC  model 
must  be  considered  in  light  of  this.  While  the  calculative  accuracy  can  only  be  considered  as  “fairly  good,” 
the  quantitative  behavior  is  entirely  correct. 

7.2.2  Reacting  Flow  with  EBU  Combystten  fttodel  (Cases  F23  and  F63) 

To  provide  a  combustion  model  reference  base  for  comparison  with  the  EDC  model,  calculations  were 
made  for  the  F23  and  F63  cases  using  the  standard  (mixed— is— burned)  Eddy  Break-Up,  (EBU)  model. 
Adiabatic  wall  boundary  conditions  were  used  for  these  calculations. 

With  the  EBU  model  reaction  occurs  along  the  stoichiometric  contour,  and  begins  as  soon  as  fuel  and 
air  mix  to  form  the  stoichiometric  mixture.  Case  F23  in  Figure  7-3  shows  this,  and  that  the  flame  zone 

anchors  at  the  end  of  the  fuel  tube.  In  this  fuel-lean  calculation, _ ,  the  stoichiometric  contour  intersects 

the  symmetry  axis.  Figure  7-4  shows  the  isotherms  for  the  F63  case _ .  Again,  the  flame  is  anchored  at 

the  end  of  the  fuel  -tube,  and  the  high  temperature  regions  follow  the  jet  shear  layer  developments.  Neither 
the  F23  nor  the  F63  cases  exhibited,  via  the  temperatures,  the  lifted  and  hour  glass-shaped  flames 
(anchored  on  the  outer-edge  of  the  annular  air  jet)  respectively,  that  are  evidenced  in  Figure  3-6 
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Figure  7-5.  Cas©  F23  Stewing  Calculated  Regions  of  Reaction  Exclusion  and  Reaction  Rates 
Using  the  EDO  Combustion 


The  region  adjacent  to  the  annular  air  jet  is  too  fuel-lean  for  combustion.  Similarly,  the  region  adjacent 
to  the  fuel  jet  is  outside  the  rich  combustion  limit.  Finally,  there  is  a  region  along  the  combustor  centerline 
where  the  cell  hydraulic  residence  times  are  less  than  the  extinction  time  scale.  (It  should  be  noted  that  this 
region  actually  has  overlaps  into  the  other  two  regions,  but  the  overlap  extents  are  not  shown  in  the  figure.)  It 
can  be  seen  that  the  stoichiometric  contour  actually  passes  through  the  exclusion  regions  to  reach  the 
combustor  centerline.  Reaction  of  this  mixture  is  not  permitted  until  the  fuel  emerges  downstream  of  the 
exclusion  regions.  A  lifted— flame  is  therefore  calculated.  In  those  regions  of  the  combustor  were  reaction  is 
permitted,  it  takes  place  wholly  fuel-lean.  This  observation  suggests  that  when  the  reaction  exclusion 
regions  due  to  time-scales  become  large  enough  to  extend  over  all  regions  where  flammable  mixtures 
prevail,  then  blowout  occurs.  This  has  been  computationally  verified. 

Also  shown  on  Figure  7-5  are  contour  lines  representing  logarithmic  values  of  the  absolute  reaction 
rate  for  the  fuel  consumption;  the  contour  intervals  cover  an  order  of  magnitude  change  in  the  reaction  rate. 
For  the  body  of  the  flow,  the  higher  reaction  rates  occur  at  the  highest  (but  lean)  equivalence  ratios 
immediately  downstream  of  the  exclusion  regions.  Reaction  along  the  step  in  the  step- recirculation  takes 
place,  but  the  rates  are  very  low  due  to  there  being  very  little  unreacted  fuel  that  is  recirculated  from  the  jet 
shear  layers  back  to  the  step. 

The  consequence  of  the  reaction -exclusion  regions  is  immediately  apparent  in  the  calculated 
isotherms,  which  are  displayed  in  Figure  7-6.  If  a  limiting  flame  temperature  of  1480"K  (Section  6.7.8.)  is 
used  to  define  the  beginning  of  the  visible  flame  region,  it  can  be  seen  that  the  lifted -flame  on  the 
combustor  center— line  is  evident  at  0.33  m  downstream  from  the  step— plane,  and  it  is  distributed  radially 
across  the  combustor  at  about  this  height,  which  is  closely  associated  with  the  calculated  reattachment 
plane  for  the  step  recirculation,  which  itself  is  in  good  agreement  with  the  measured  position  in  the  reacting 
flow  at  high  combustor  Reynolds  Numbers  (Section  3.5).  The  calculated  distance  is  also  in  good  agreement 
with  the  measured  position  of  the  maximum  metal  temperature  factors  (MTF)  shown  in  Figure  3-12,  and 
the  direct  flame  observations  reported  in  Section  3.5.  In  contrast,  Figure  7-3  shows  that  the  EBU  model 
gives  a  temperature  at  the  step  reattachment  plane  of  only  1 1 00  X  and  that  the  reattachment  plane  is  about 
0.27  m  from  the  step.  At  the  0.59  equivalence  ratio,  CARS  measurements  (at  higher  Reynolds  Number 
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7.2.4  Case  F41 :  Reacting  Flow  with  EDO  Model 


Case  F41 ,  for  which  the  equivalence  ratio  is  1 .05,  represents  experimental  conditions  at  which 
flame-lift  occurs,  as  Figure  3-10  shows.  It  is  therefore,  a  singularity,  and  is  difficult  to  calculate.  The 
calculated  exclusion  regions  and  reaction  rat®  contours  for  this  case  are  shown  in  Rgure  7-8,  and  the 
isotherms  are  given  in  Rgure  7-9. 


Qirve  Logio  E  Fed  Reaches  Rate  0  Reaction  Exclusion  Regions: 


Axial  Distance  (m) 


Figure  7-8.  Calculated  Regions  of  Exclusion  for  Case  F41  using  the  EDC  Model 


Axial  Distance  (m) 


Figure  7-9.  Calculated  Temperature  Field  for  Case  F41  with  the  EDC  Model 
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Th©  path  of  th®  stagnation  streamline  in  Figure  7-8  has  the  desired  hourglass  shape,  but  the 
exclusion  regions  indicate  a  lifted -flame.  However,  th©  overall  size  of  th©  net  exclusion  region  is  reduced 
compared  to  that  for  0.5®  equivalence  ratio  in  Figure  7-5.  Being  an  overall  fuel-rich  case,  th®  fuel -lean 
constrained  region  has  significantly  decreased  in  size,  although  th©  fuel -rich  constrained  region  has 
naturally  expanded;  th©  residence  time  constrained  region  is  about  th©  same  size  as  for  the  lower 
equivalence  ratio.  The  stoichiometric  contour  now  follows  th©  general  path  of  th©  jet  shear  layers  towards 
th®  combustor  wall,  rather  than  closing  on  th©  combustion  centerline  as  for  th©  overall  lean  equivalence 
ratio  case.  Th©  maximum  reaction  rat©  contouris  aligned  with  th®  stoichiometric  contour.  Fuel  reaction  rates 
in  th©  step  recirculation  zon©  are  lower  than  for  th©  lower  equivalence  ratio,  and  decrease  to  become 
vanishingly  small  as  flow  recirculates  upstream  back  towards  the  step.  This  indicates  that  negligible 
unreacted  fuel  survives  to  reach  th®  step. 

From  th®  isotherms  shown  in  Figure  7—9,  th©  flams  can  b®  seen  to  be  still  lifted  at  this  equivalence 
ratio.  “Visible  fiamen  fusing  th®  1480°K  definition)  on  th©  combustor  centerline  is  at  D.32  m  from  the  step 
plane.  This  is  almost  the  same  position  as  shown  in  Figure  7-6.  Compared  to  the  lifted  flame  at  0.59 
equivalence  ratio  howevsr,  th©  lifted  flam®  at  1 .05  equivalence  ratio  shows  more  radial  distortion.  It  is  0.19  m 
downstream  from  tins  step  at  a  radius  of  0.01 75  m.  It  does  not  reach  th©  combustor  wall,  but  loops  around  in 
the  step  recirculation  zon©  to  intersect  the  step  at  a  radius  of  0.023  m.  Th©  CARS  measurements  in 
Figure  7-7  at  0.7  and  1.5  equivalence  ratios  suggest  that  at  1 .05  equivalence  ratio  mean  temperatures 
between  1800  and  1400  might  b©  expected  at  a  radius  of  25  mm  and  close  to  th©  combustor  step.  The 
temperature  differenea  between  calculated  and  possible  measured  values  suggests  that  heat  losses  from 
th®  combustor  might  b©  important  in  th©  step  recirculation  zon®.  Th©  st®p  recirculation  zon©  reattachment 
plan©  is  at  an  axial  distance  of  0.30  m,  and  th©  temperature  there  is  about  1 960° K. 

Although  th©  EDC  model  has  felled  to  calculate  an  attached  flam©  at  1 .05  equivalence  ratio,  it  does 
calculate  a  temperature  field  which  suggests  that  such  a  flame  is  about  to  be  established  via  the  step 
recirculation  zone. 

7.2.5  C®8®  F8S:  IFteaffitofi  PB®w  with  GDG  SfiotikBl 

Cass  FS8,  for  which  th®  equivalence  ratio  is  1.62,  is  well  into  the  experimentally-observed 
attached -flame  region  of  operation.  Given  th©  behavior  calculated  at  1.05  equivalence  ratio,  it  would 
reasonable  to  expect  that  th©  EDC  mod©!  would  calculate  the  observed  attached  -flame. 

Figure  7-10  shows  th©  calculated  chemical  reaction  rat©  characteristics.  Since  the  overall  richness  of 
the  case  has  been  further  increased,  the  fuel -rich  exclusion  region  has  expanded  considerably  compared 
to  that  in  Figure  7—8,  while  th©  fuel-lean  exclusion  region  has  shrunken  further;  the  residence  time 
constrained  region  is  about  th®  sam©  as  previously.  Th©  stagnation  streamline  again  has  th©  hourglass 
shape,  and  th®  stoichiometric  contour  follows  it  closely  to  reach  th©  combustor  wall  just  downstream  of  the 
step  recirculation  zone  reattachment  plan©,  which  is  at  0.30  m  downstream  from  the  step.  As  in  the  1 .05 
equivalence  ratio  case,  the  peak  reaction  rates  follow  th©  stoichiometric  contour.  Reaction  rates  in  the 
recirculation  zon©  are  low  and  decrease  to  negligible  values  as  th®  step  is  approached ;  again,  this  indicates 
little  unreactsd  fuel  being  recirculated  back  to  the  step. 
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Figure  7-10.  Calculated  Regions  of  Exclusion  and  Reaction  Rate  field  for  Case  FS3 
with  the  EDC  Model 

The  very  rich  central  core  calculated  precludes  reaction  on  the  combustor  centerline  until  distances 
greater  than  0.525  m  downstream  from  the  step,  as  Figure  7-10  shows.  However,  the  spatial  composites 
constructed  from  instantaneous  LIF  OH -images  at  an  equivalence  ratio  of  1.56,  indicate  centerline 
reactions  by  a  distance  of  0.236  m,  due  to  the  radially- inwards  growth  of  the  inner-edges  of  the  reacting 
jet  shear  layers,  [12.]. 

It  is  apparent  that  the  attached  flame  could  never  be  demonstrated  by  the  EDC  model  with  the 
calculation  being  done  as  it  was. 

7.2.6  Case  F80:  Reacting  Flow  with  EDC  Model  and  Revised  Calculation  Procedure 

The  difficulties  described  above  resulted  in  calculation  of  an  additional  case,  F80,  for  which  the  bulk 
equivalence  ratio  was  2.05.  This  very  fuel-rich  case  was  selected  in  an  attempt  to  increase  the  amount  of 
fuel  recirculated  to  the  combustor  step  to  see  if  this  would  result  in  an  attached -flame. 

The  results  for  1 .62  equivalence  ratio  revealed  some  clear  difficulties  with  the  way  that  the  calculations 
were  made.  An  obvious  one  is  that  the  rich  and  lean  combustion -limiting  equivalence  ratios  were  held 
constant.  From  Section  6.6.9,  these  combustion  limits  represent  equivalence  ratio  asymptotes  between 
which  the  Kretschmer  &  Odgers  ALP  expression  may  be  considered  as  valid.  Although  these  asymptotes 
are  not  flammability  limits,  they  can  be  treated  as  though  they  were  and  made  dependent  on  the  local  values 
of  temperature.  When  this  is  done,  for  the  range  of  temperatures  pertinent  to  these  calculations,  the  lean 
limit  would  vary  from  0.5  to  0.2,  compared  to  the  original  fixed  0.4;  the  rich  limit  was  maintained  constant  at 
2.0,  although  if  it  were  a  flammability  limit  some  broadening  with  increased  temperature  is  known  to  occur. 
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It  was  mentioned  in  Section  7.2  that  the  0.9  value  for  turbulent  Schmidt  Number  was  madly  appropriate 
to  boundary  layer  flows.  The  extent  of  fuel/air  mixing  was  therefor©  increased  by  decreasing  the  turbulent 
Schmidt  Number  to  0.5,  the  value  found  to  be  appropriate  for  recirculating  flows.  This  value  was  considered 
to  be  more  realistic  for  the  PW1 00  combustor  ftowfleld. 


It  was  noted  in  Section  7.2.4  that  heat  losses  fern  the  combustor  appear  to  be  important.  Therefor©, 


i  was  changed  from  an  adiabatic  wall  type  to  a  specified  wall  temperature 


type,  with  the  specified  temperatures  being  based  on  th®  measured  values,  (Section  3.0).  This  change  in 
boundary  condition  would  introduce  sever©  temperature  gradients  in  th©  gas  flow  near  to  the  combustor 


walls  and  step. 


Th©  existence  of  § 
that  wall — ouiaii  im  « 


sary  layers  on  1 
is  might  be  th©  i 


unburned  fuel  that  would  be 


flam©  is  observed  never  t©  extend  completely  to  th®  surface.  Th©  intervening  dark  region  is  known  as  a 
dsad@p@@a  Bsadspac©  is  caused  by  local  quenching  of  chemical  reactions  du®  to  heat  losses  through  th© 
wall  and  removal  of  activ®  radicals  by  th©  wall,  which  acts  as  a  “third  body.”  Fu©l  entering  th©  deadspace 
would  not  bs  reacted  until  convected  away  from  th®  surface  at  some  point. 

A  deadspace  mode!  was  developed  (Appendix  L)  and  a  simplified  correlation  of  wall  deadspace  was 


the  step,  and  i 


I  to  quench  reactions  out  from  th©  surface  to  a  value  of a  y  *  "  equal  to  1 00,  where 
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An  additional  combustion  limiting  condition  was  also  introduced.  This  was  a  premixed  burning  velocity 
limit  where  th©  local  flow  velocity  was  compared  to  a  local  turbulent  burning  velocity;  when  th®  local  flow 


burning  velocity  was  of  th©  Damkohler  type,  La, 


ST  —  S.  +  u  ’ 

T  L  e 

where  u’  was  provided  by  th©  K±t  turbulence  mod 
th©  equations  given  in  Section  6. 

Th©  results  of  th©  calculations  for  th©  F80  case  ar©  given  in  Figure  7-11 
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Figure  7  - 1 1 .  Calculated  Regions  off  Reaction  Exclusion  for  the  Very  Rich  F80  Case  with 
Deadspace  Model  and  Specified  Wall  Temperatures 


Figure  7-12.  Calculated  Isotherms  for  the  F80  Case  Showing  Evidence  off  Wall  and 
Step  Thermal  boundary  Layers 

Figure  7-11  shows  that  the  stoichiometric  contour  now  crosses  into  the  step  recirculation  zone  and 
reaches  the  combustor  wall  about  hallway  from  the  step  to  the  reattachment  plane.  The  stagnation 
streamline  indicates  that  the  “coke-bottle  waist"  is  at  about  40  mm  from  the  step-plane.  The  combined 
combustion  criteria  now  exclude  chemical  reactions  from  substantial  portions  of  the  combustor,  with  wall 
quenching  (deadspace)  being  an  obvious  new  addition.  Any  unreacted  or  partially  reacted  fuel  from  the  jet 
shear  layers  that  reaches  the  combustor  wall  region  would  be  recirculated  without  further  reaction  back  to 
the  step  and  thence,  to  the  entering  jets.  It  can  b©  seen  that  the  combination  of  lean  limit  and  residence  time 
exclusions  preclude  the  existence  of  an  attached  flame,  even  if  the  deadspace  permits  additional  fuel  to  be 
recirculated. 

The  calculations  show  that  although  the  level  of  fuel  recirculated  is  increased,  it  is  still  outside  the 
lean— limit.  Since  the  region  of  exclusion  due  to  time— scales  encloses  the  lean— limit  restrained  region,  it  in 
fact,  is  the  controlling  factor  limiting  combustion  in  the  step/jet  interfacial  region.  The  ratio  of  the 


147 


hydrodynamic  to  Sis  chemical  ejctinctlon  time  scales  would  need  to  lb©  reduced  by  a  factor  of  2-3  to  permit 
the  lean  combustion  limit  to  become  controlling  in  this  region. 

The  large  axial  ©stent  of  th©  fuel— rich  exclusion  region  is  one®  again,  clearly  erroneous,  and  Indicates 
that  broadening  of  the  rich -limit  with  temperature  is  in  order 

The  isotherms  in  Figure  7-12  reveal  the  strong  thermal  boundary  layers  that  exist  along  the 
combustor  walls  and  on  the  step.  The  recirculation  zone  is  wry  hot  with  temperatures  exceeding  1  BOOK. 
However,  consideration  of  Figure  7-7  reveals  that  the  calculations  considerably  under- estimate  the 
temperatures  on  the  step  near  to  the  air  jet  entrance.  The  main  Sam©  is  stabilized  in  the  jet  shear  layers 
about  1 1  cm  downstream  from  the  step,  it  is  rather  thick  with  an  site  that  follows  the  stoichiometric  contour 
across  the  step  recirculation  zone.  When  compared  to  the  LIF  OH  images,  e.g.,  Figure  3-8,  there  is  good 
agreement  in  position  with  tie  concentrated  islands  of  reaction  seen  in  the  expanding  jet  shear  layers,  that 
give  the  sudden  thickening  visually  observed  in  the  flam®.  Although  there  is  mor®  unreacled  fuel  on  the  step 
at  the  outer  edge  of  toe  air  jet  as  consequences  of  toe  thermal  boundary  layers  and  the  deadspace,  the 
mixture  strength  still  is  outside  the  lean  flammability  limits.  Thus,  there  would  be  no  evidence  from  the 
isotherms  of  en  attached  flame,  such  as  is  seen  (Figure  8-6)  by  direc 

7.2.7  Smews?  l©0  Etrsteta 

The  overall  accuracy  of  to©  CFD  calculation  with 
absolute  accuracy  that  can  be  achieved  when  the  EDO  combustion  model  is  used.  Figure  7-1 
Figure?— 2,  for  isothermal  flow,  establish  this  base— accuracy.  The  2D— PREACH  cod©  has  a  predictive 
accuracy  tost  is  characteristic  of  its  generation  and  the  fluid  dynamic  modeling  used  in  it,  e.g.,  Reference 
74.  For  present  purposes,  the  basic  code  accuracy  should  be  adequate. 

ft  is  obvious  by  comparing  the  calculations  mad©  with  the  EBU  combustion  model  (Figure  7-3  and 
Figure  7—4)  with  any  of  to©  calculations  mad©  with  the  EDG  model,  that  the  EDG  is  the  more  realistic  model 
of  to©  two  for  combusting  flows.  If  nothing  ©Is®,  the  EDO  model  does  represent  an  advance  on  toe  EBU 
model. 

The  EDG  model  does  a  creditable  job  of  calculating  to©  lifted  flame  (Case  F23).  It  qualitatively 
calculates  to©  ep@raboBc”  flame  shape,  and  its  anchor  position  in  th@  jets  shear  layers.  Quantitative 
accuracy  was  limited  by  to©  underlying  fluid  dynamics  modeling  and  the  simplicity  of  to©  EDC  model  as 
implemented  in  the  cod®.  For  to©  attached  flam®  conditions  it  became  readily  apparent  the  the  original 
adiabatic  wall  boundary  conditions  were  inadequate,  and  that  account  of  wall  thermal  boundary  layers  was 
necessary.  However,  even  with  such  an  account,  toe  EDC  model  failed  completely  to  generate  an  attached 
pilot  flams  such  as  was  observed  practically. 

The  inability  of  the  EDC  model  to  calculate  the  attached  flam©  structure  observed  in  the  PW100 
research  combustor  for  equivalence  ratios  greater  than  unity  may  b®  ascribed  to  at  least  two  contributing 
factors.  The  flrst  concerns  the  influence  of  chemical  kinetics.  The  modeling  implemented  in  the  GFD  code 
involved  a  fast- chemistry  mode!  in  conjunction  with  extinction  criteria,  some  of  which  appear  to  be  too 
severs.  As  an  effort  was  made  in  the  calculations  to  bring  more  and  more  fuel  into  the  recirculation  zone  by 
raising  the  overall  equivalence  ratio,  the  stoichiometric  contour  moved  in  response,  and  the  mode! 
produced  correspondingly  higher  temperatures  within  the  step  recirculation  zone.  The  step  detachment 
region  of  the  recirculation  must  always  be  fuel -lean,  sine©  to  b®  otherwise  would  caus©  the  stoichiometric 
contour  to  circulate  back  on  itself,  which  is  impossible.  The  high  temperatures  and  flame-sheet  type 
calculation  associated  with  a  fast  chemistry  model  essentially  preclude  any  significant  amounts  of 
unreacted  fuel  surviving  the  jats  shear  layers  and  being  recirculated  back  to  toe  step.  This  is  so  regardless  of 
the  deadspace  being  accounted  for.  The  jets  shear  layers  consume  almost  all  of  the  fuel.  If  it  is  presumed 
that  in  reality  it  is  not  pure  fuel  that  is  feeding  the  attached  pilot  flam©  on  the  step  but  Sower  hydrocarbons, 
hydrocarbon  fragments  and  CO  left  over  from  the  shear  layers,  then  a  realistic  (i.e.,  with  account  of 
turbulence  interaction  effects)  multi-step  kinetic  mechanism  is  required  to  perform  the  calculation. 


The  second  factor  is  concerned  with  the  likelihood  that  the  mean  flow  field  may  not  be  stationary  at  all, 
and  so,  nonstationary  flow  behavior  may  dominate  the  mass  transport  within  the  combustor.  Immediate 
evidence  of  this  was  recorded  in  the  UF  OH -images,  where  local,  intense  “eruptions”  of  OH  (denoting 
regions  of  chemical  reaction  and  clearly  not  subject  to  secondary  convection  effects)  across  the  jets  shear 
layers  directly  into  the  step  recirculation  zone  can  be  see,  e.g.,  Figure  3-8.  The  intermittent  nature  of  the  jet 
shear  layers  region  was  also  detected  bytheTFP  measurements  and  the  spontaneous  OH -imaging  [12.]. 
It  has  been  postulated  [1 1 .]  that  entrainment  into  the  step  recirculation  is  by  an  intermittent  process 
involving  discrete  “packets”  of  “unreacted”  fuel.  The  intermittent  nature  of  the  entrainment  accounts  for  the 
intermittent  existence  of  the  attached  pilot  flame  seen  in  the  spontaneous  OH-imaging.  This  entrainment 
process  could  occur  through  the  holes  in  the  braid  regions  of  the  vortices  in  the  shear  layers,  where 
stretching  leads  to  local  quenching  of  the  flame.  The  fuel  packets  must  then  be  transported  around  the 
recirculation  in  a  relatively  intact  manner  until  the  pilot  flame  attachment  point  is  reached.  The  experimental 
evidence  lends  creditability  to  this  hypothesis. 

7.3  Evaluation  of  Hybrid  CFD/Sflrrad  Reactor  Modeling  in  PW20Q  Combustor 

The  PW200  combustor  was  the  ideal  vehicle  for  an  evaluation  of  the  hybrid  modeling  concept  because 
of  the  large  amount  and  wide  variety  of  LBO  data  gathered  in  this  generic  combustor  (Section  5.5),  and 
because  of  the  CFD  conducted  on  it  (Section  6.7.4.). 

The  reactor  network  of  Rgure  6-42  was  used.  This  network  was  established  from  a  CFD  calculation 
(Section  6.7.4.)  made  for  boundary  conditions  representing  a  typical  LBO  point.  The  presumption  is  made 
that  this  basic  flowfield  does  not  change  substantially  with  variations  (in  the  LBO  range)  of  combustor 
operating  conditions,  or,  with  minor  changes  in  the  flow  splits  within  the  combustor.  These  are  considered  to 
be  reasonable  assumptions. 

The  reaction  mechanism  used  was  that  given  in  Section  6.7.6.,  and  heat  losses  were  accounted  for  as 
previously.  The  blowout  definition  and  protocol  were  also  as  described  in  Section  6.7.8. 

7.3.1  Effects  ©f  Primary  Zone  Airflow 


For  fixed  dome  flow  equal  to  15  percent  of  the  total  combustor  airflow  (see  Figure  5-2),  it  had  been 
observed  [30.]  that  the  effect  of  increased  primary  zone  airflow  at  atmospheric  pressure  on  LBO 
equivalence  ratio  produced  a  change  in  flame  condition  between  lifted  and  attached  flames  at  blowout.  As 
before,  primary  zone  airflow  was  defined  as, 

wn  =  +0-279^., 

and  the  increase  in  Wpz  was  obtained  while  increasing  the  total  airflow  to  the  combustor.  An  important 
test  of  the  hybrid  modeling  would  be  represented  by  its  ability  to  calculate  this  behavior. 

Figure  7-13  compares  the  experimental  blowout  points  with  the  calculated  points.  The  agreement 
between  measurements  and  calculations  is  excellent  up  to  a  primary  zone  airflow  of  about  0.135  Ibm/sec. 
(0- 061 3  kg  .sec.) .  For  primary  zone  airflows  above  this  value  the  experimental  flame  blows  out  in  an  attached 
condition  (for  photographs  of  the  two  flame  conditions  see  Rgure  16  of  Reference  30,  presented  as 
Appendix  J),  and  the  measured  LBO’s  show  a  break  in  equivalence  ratio,  with  a  slight  improvement  in 
stabitity.  The  calculations  reproduce  this  break  in  the  LBO  characteristic,  and  do  so  at  the  correct  primary 
zone  airflow. 
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introduction  of  the  first  row  combustion  air  j©ts.  As  th©  primary  zon©  airflow  is  incr©as©d,  th©  out!©! 


momentarily  taking  control  of  th©  LBO  limit  With  further  increases  in  airflow,  th©  Recirculation 


region 


'  jets.  Observations  of  th©  actual  Ham© 


dearly  sir; 


7.3=2  ifnfteiTB©©  of  Operating  [Pra&gyp® 

The  affects  of  pressure  on  LI 

. |ue  [10 

feds  01 

from  pressure.  The  residence  time  cl 
change  in  reactor  size  in  th©  network,  which  is  not  convenient,  and  is  therefore 


ignored  in  the  network. 


150 


Correction  is  therefore  made  to  the  experimental  data  to  account  for  bulk  residence  times.  A  second 
important  test  of  the  hybrid  modeling  is  its  ability  to  calculate  the  effects  of  pressure  on  LBO. 

For  the  1 5  percent  dome  flow  case  and  a  number  of  fixed  primary  zone  airflows,  a  comparison  between 
calculated  and  measured  LBO’s  is  made  in  Figure  7-14.  Since  the  presence  of  the  excess  nitrogen 
reduces  the  combustor  residence  time,  the  experimental  equivalence  ratios  at  LBO  were  corrected  to  a  zero 
excess  nitrogen  residence  time  (see  Reference  30).  For  the  calculations,  true  pressures  were  used,  i.e.,  it 
was  assumed  in  the  comparisons  that  the  excess  nitrogen  calibration  procedure  and  the  residence  time 
corrections  were  both  perfect,  and  that  equivalent  pressure  was  exactly  equal  to  the  true  pressure  used  in 
the  calculations. 


Figure  7-14.  Effect  of  Pressure  on  Stability  for  15%  Dome  Flow  at  Several  Primary 
Zone  Airflows:  Comparison  of  Calculations  with  Experimental  Data 

The  agreement  of  the  calculations  with  the  measurements  is  good  for  the  0.023  Ibm/sec.  (0.01 04 
kg.sec.)  primary  zone  airflow  from  1 .0  down  to  about  0.2  atmospheres  pressure.  The  absolute  agreements 
ewe  not  so  good  for  the  0.037  and  0.066  Ibm/sec.  (0.0168  and  0.0299  kg/sec.)  airflows;  however,  the  trends 
with  pressure  are  correct,  and  the  effects  of  airflow  level  at  low  pressures  (i.e.,  the  equivalent  of  Figure  7-13 
at  say,  0.4  atmospheres),  are  correct.  Generally,  given  the  somewhat  imprecise  nature  of  LBO 
measurements,  the  agreements  can  be  considered  satisfactory  overall. 

7.3.3  Effects  of  Dorn®  Airflow 

An  important  combustor  design  variable  is  the  percent  of  total  combustor  airflow  that  is  introduced 
through  the  dome.  This  became  particularly  significant  with  the  general  introduction  of  airblast  atomization 
of  liquid  fuels  and  the  need  to  design  for  low  emissions  of  pollutants,  since  both  can  have  important  effects 
on  combustor  stability  due  to  the  trade-offs  that  exist  between  emissions  and  stability,  and  the  general 
increases  in  dome  airflow  that  follow. 

With  separately-controlled  and  metered  airflows  in  the  generic  combustor  (see  Figure  5-3),  variation 
of  the  dome  flow  was  an  easy  design  variable  to  investigate.  It  was  shown  experimentally  [30.]  that  the 
percent  dome  flow  exerts  a  strong  influence  on  stability,  with  more  dome  flow  reducing  stability  at  all 
combustor  loadings,  and  it  is  clearly  limiting  to  the  peak  heat  release  rate  obtained  in  a  combustor.  The 
combustor  loading  parameter  was  defined  from  well-stirred  reactor  theory  in  Section  6.2  by  Equation  6.1 , 
where  the  volume  in  this  instance  was  taken  as  the  overall  value  for  the  complete  combustor. 
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When  applied  lo  a  complete  combustor,  this  overall  definition  suffers  from  th©  weakness  that  it  treats 
th©  flam©  stability  region  as  though  it  were  a  ©tafe  well— stirred  reactor,  i.e.,  as  Bragg  originally  conceived 
it,  [18.].  This  weakness  was  shown  in  Reference  30,  where  th®  LBO  data  for  primary  zone  flam©— holding  at 
10  percent  dome  flow  in  th©  generic  combustor  fell  into  two  distinct  groups  according  to  flame  type.  Th© 
explanation  given  was  that  a  given  value  of  loading  parameter  could  be  obtained  via  different  combinations 
of  th©  operating  conditions,  and  so  th©  LBO  points  could  b©  segregated  into  either  attached  or  lifted  flam© 
types.  Based  on  th©  ©xp©rim©ntal  measurements  of  temperature  [32.]  it  would  be  expected  that  th© 
segregation  into  attached  or  lifted  flames  would  depend  on  whether  th©  combustor  loading  was  achieved 
by  increased  airflow  or  by  reduced  equivalent  pressure.  Another  example  of  failure  of  th©  single-reactor 
representation  would  b©  when  th©  flam©  is  stabilized  in  different  parts  of  th©  combustor  as  operating 
conditions  change.  This  was  also  observed  on  Reference  30  for  the  10  percent  dome  flow  cas©  where  as 
pr©ssur©  was  reduced  th©  flam©  expanded  beyond  th©  primary  zone  region. 

Us©  of  th©  present  reactor  network,  Figure  6—42,  to  represent  th©  generic  combustor  dearly  moves 
beyond  the  simple  suppositions  inherent  in  the  single  reactor  description  of  th©  complete  combustor.  Sine© 
th©  network  also  provides  a  better  representation  of  th©  critical  combustor  flows,  (via  th©  CFD  derivation), 
th©  experimental  data  (deriving  from  th©  real  airflows)  would  also  be  expected  to  violate  th©  single  reactor 
model.  Therefore,  breakdown  of  th©  loading  parameter  correlation  group  might  b©  expected  as  mor© 
complicated  (e.g.,  PW200  combustor  versus  PW100  combustor)  flows  arise  in  geometrically  mor©  complex 
combustors.  This  was  addressed  somewhat  in  Reference  30  by  working  in  terms  of  “burning  zones/ 

To  test  the  limited  applicability  and  eventual  failure  of  the  single  reactor  correlation  group,  the  stability  of 
th©  network  was  calculated  with  a  1 0  percent  dome  flow  for  the  following  rang©  of  variables:  Overall  airflow 
-  0.100  to  0.700  Ibm/soc.,  (0.0454  -  0.3176  kg/sec.);  combustion  pressure  -  1.2  to  0.3  atmos.,  and,  inlet 
air  temperature  87  to  200F  (304  to  3S7K).  The  resulting  rang©  of  overall  loading  parameter  defined  by 
Equation  8.1  with  appropriate  units,  was  0.4555  to  4.9643,  and  the  calculated  overall  equivalence  ratios  at 
blowout  were  0.05721  and  0.1 1554  respectively. 

These  calculations  showed  that  for  a  range  of  overall  loading  parameters  representing  primary  zone 
flam©  holding  (L©.,  flam®  was  always  contained  within  th©  conventional  definition  of  “primary  zone/),  LBO  in 
th©  reactor  network  was  always  determined  by  Reactor  No.  3.  Th©  combustion  efficiency  of  this  individual 
reactor  decreased  as  overall  combustor  ©quivalene©  ratio  at  blowout  increased  with  increased  overall 
loading.  This  behavior  is  illustrated  in  Figure  7-15,  and  suggests  that  eventually,  control  of  LBO  would  pass 
from  Reactor  No.  3.  As  a  consequence  of  the  characteristic  given  in  Figur©  7-15,  th©  outlet  temperature  of 
th©  Recirculation  Reactor  increased  with  increased  overall  loading,  which  caused  th©  outlet  temp©ratur©  of 
Reactor  No.  1  to  also  increase,  as  Figure  7-16demonstrat©s.  Th©  net  effect  of  th©  boot-strapt©mp©ratur© 
increase,  together  with  th©  increased  loading  due  to  increased  mass  flow  rate  and  reduced  pr©ssur©,  was 
that  th©  residence  time  in  Reactor  No.  3  was  decreased.  Calculated  overall  ©quivalene©  ratio  at  blowout 
therefor©  correlated  with  residence  time  in  Reactor  No.  3,  as  is  shown  in  Figur©  7-17.  Consequ©ntly,  th© 
relationship  between  overall  loading  and  residence  tim©  in  Reactor  No.  3  could  b©  expected  to  b© 
discontinuous  over  wid©  ranges.  This  discontinuous  behavior  causes  th©  blowout  ©quivalene©  ratio 
correlation  bas©d  on  overall  loading  parameter  to  breakdown  as  Reactor  No.  3  approaches  its  peak  heat 
release  rate  condition,  (illustrated  in  Figur©  7-18),  if  the  ranges  of  operating  variables  are  too  large. 


152 


DOME  FLOW  -  10  %  Wab 


Number  3 

Figure  7-15.  Calculated  Relationship  B@te@@n  Overall  Blowout  Equivalence  Ratio  and 
combustion  Efficiency  for  Network  Controlling  Reactor  (Mo.  3)  for  10% 
Dome  Flow  at  Several  Airflow©  and  Pressures 


:lgur@  7-16.  Calculated  Relationship  Between  Overall  Blowout  Equivalence  Rati®  and 
Outlet  Temperature  of  No.  1  Reactor  In  Network  for  1 0%  Dome  Flow 
at  Several  Airflow®  and  Pressures 
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Flgur®  7-17.  CaSeulaSsd  roBatoreMp)  B®tra@®in)  Ow@ral  BB©ra®mt  Equivalence  Ml©  asudl 
l^©®S(d®i?ii©®  0©  to  M®to@rfe  ©©sn&ffilBImf  0@s©tep  (N®.  3)  for  10%  0®m@  Flora 
at  S@wgpfi0  A8sfl!©ra®  astdl  Pfsssesfqs 


Figure  7-19  is  a  comparison  in  terms  of  overall  equivalence  ratio  at  blowout  against  overall  loading 
parameter,  of  measurements  and  calculations  for  the  1 0%  dome  flow  case.  When  the  LBO  is  governed  by  a 
single  region  within  the  total  reacting  flowfield  that  is  made  up  of  many  such  regions,  the  difficulty  of 
adequately  defining  the  pressure  dependency  through  an  appropriate  equivalence  ratio  was  addressed  by 
making  the  apparent  reaction  order  ’n’  a  function  of  primary  zone  equivalence  ratio,  where  “primary  zone”  is 
defined  in  Section  5.5,  and  for, 

(^PZ  )lBO  <  n  —  2(<f >PZ  )LBO 

and, 

(4>«L,  a  10,  n  =  2.0 

i.e.,  in  the  limit,  the  reaction  becomes  a  second  order  one. 

In  Figure  7-19  it  will  be  noted  that  the  experimental  data  fall  into  two  distinct  groupings,  one  placed  to 
the  left  and  center  of  the  plot,  and  the  other  placed  to  the  right  of  the  plot.  Those  data  points  falling  in  the 
right-hand  grouping  represent  tests  for  which  the  calculated  primary  zone  equivalence  ratio  was  actually 
greater  than  unity,  but  for  which  the  apparent  reaction  order  was  taken  as  2.0.  Data  in  this  grouping  was  for 
tests  having  burning  that  extended  beyond  the  conventional  primary  zone.  It  will  be  noted  that  the 
correlation  of  the  data  in  the  left-hand  group,  which  was  for  pure  primary  zone  burning  cases,  are  better 
correlated  than  the  data  foiling  in  the  right-hand,  nonprimary  zone  burning,  grouping. 


On  Primary  Zone  Pressure  Exponent 


The  calculated  blowouts  also  exhibit  less -than -perfect  correlation  for  loadings  greater  than  about 
30.0  (with  appropriate  units).  As  reported  previously  in  Section  6.7.8.,  the  reactor  network  behaves 
somewhat  like  a  real  combustor  in  that  the  blowout  fuel  Sow  is  achieved  in  a  series  of  decreasing  but 
discrete  steps  of  finite  size.  For  loadings  less  than  about  30.0,  the  calculated  blowouts  were  controlled  by 
Reactor  No.  3;  for  higher  values  of  loading,  control  was  passed  first  to  the  Recirculation  Reactor,  and 
subsequently  to  Reactor  No.4.  Where  control  is  passing  from  on©  reactor  to  another,  the  solution  procedure 
slows  down  and  becomes  very  sensitive  to  rates  of  change.  It  is  easy  under  these  circumstances  to  provoke 
premature  blowout  as  the  real  blowout  point  is  approached.  This  introduces  inevitable  scatter  in  the 
calculated  values. 


Given  the  caveats  on  the  experimental  data,  the  calculations,  the  overall  loading  parameter  definition, 
and  the  wide  variation  in  loading,  (3  -  4  orders  of  magnitude),  the  agreement  of  the  calculations  with  the 


Figure  7-20  repeats  the  calculation  portion  of  Figure  7-19,  but  delineates  by  symbol  between  reactor 
control  in  the  reactor  network.  Points  are  shown  for  control  (last  blowout  in  stated  reactor)  by  Reactor  No.  3 
and  for  control  by  the  Recirculation  Reactor. 
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Overall  Combuslor  Loading  Group  Based 
On  Primary  Zone  Pressure  Exponent 


Figure  7-2®.  CaSeulateiAi  @ff  Stability  tor  Primary  Zorn©  Bunnfag  with  a  1 0%  Bern©  Flow 
C®mbu®t®r,  Stowteg  Qtamif  ©  ®fi  Flam©  Mdtag) 


The  modified  overall  combustor  loading  group  can  be  seen  to  successfully  correlate  the  calculated 
blowouts  over  a  wide  rang©  of  airflows  and  pressures,  and  a  more  limited  range  of  inlet  air  temperatures.  It 
provides  a  clear  segregation  of  where  flame  holding  occurs  within  the  combustor.  For  overall  combustor 
loadings  less  than  34.0  (appropriate  units),  flame  holding  was  provided  through  Reactor  No.  3,  which 
represents  the  region  just  immediately  ahead  of  the  first  row  of  combustion  air  jets.  This  can  be  related  to  the 
small  recirculation  region  on  the  injector  centerlines,  visible  in  Figure  6-35  and  Figure  6-36,  and  provided 
by  the  CFD  calculations.  For  overall  combustor  loading  greater  than  34.0,  flame  holding  was  provided 
through  the  Recirculation  Reactor,  which  represents  the  regions  in  the  combustor  dome  around  the 
discharges  from  the  fuel  injectors.  These  recirculation  regions  can  be  seen  in  Figure  6-35  and 
Figure  6-36,  to  dominate  the  calculated  flowfleld  in  the  primary  zone,  (between  the  dome  and  the  first  row 
of  combustion  air  jets). 
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Figure  7-21  shows  the  calculated  stability  for  the  PW200  combustor  with  20  percent  of  the  total 
combustor  air  introduced  through  the  dome.  The  overall  equivalence  ratio  at  LBO  is  plotted  against  the 
overall  combustor  loading  group  with  the  apparent  reaction  order  (pressure  dependency  exponent)  based 
on  the  primary  zone  equivalence  ratio,  as  before.  The  solid  symbols  are  for  Reactor  No.  3  controlling  the 
blowout,  and  the  open  symbols  are  for  the  Recirculation  Reactor  controlling  the  blowout.  The  calculations 
cover  combustor  airflows  from  0.100  to  1 .300  Ibm/sec.  (0.0454  to  0.590  kg/sec.)  and  pressures  from  1 .2  to 
0.3  atmospheres.  The  resulting  combustor  loading  is  varied  over  three  orders  of  magnitude.  The  correlation 
of  the  calculated  blowout  points  by  the  overall  loading  parameter  is  somewhat  improved  over  that  achieved 
for  the  10  percent  dome  flow  combustor. 
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Figure  7-21 .  Calculated  Stability  for  PrSraary  Zone  Bumlrag  with  a  2©%  Dome  Flow  Combustor, 
Showing  Change  ®f  Flame  Holding 

The  two  PW200  combustor  calculated  stability  curves  for  10  and  20  percent  dome  airflows  are 
compared  in  Figure  7—22.  The  doubling  of  dome  airflow  has  a  large  and  adverse  influence  on  combustor 
lean  stability  by  increasing  the  blowout  equivalence  ratios  at  all  combustor  loadings  covered  by  the  plots. 
For  both  dome  flows,  control  of  stability  at  lower  combustor  loadings  resides  with  Reactor  No.  3  in  the 
network,  Figure  6-42.  At  higher  loadings  Reactor  No.  3  blows  out  and  control  is  passed  to  the  Recirculation 
Reactor  in  both  cases.  For  the  10  percent  dome  flow  combustor  this  condition  takes  place  at  an  overall 
loading  of  34  (appropriate  units) ;  for  the  20  percent  dome  flow  combustor  the  transfer  condition  takes  place 
at  an  overall  loading  of  10  (appropriate  units).  Therefore,  the  20  percent  dome  flow  combustor  not  only 
blows  out  at  consistently  higher  overall  equivalence  ratios  compared  to  the  10  percent  dome  flow 
combustor,  its  network  stability  starts  to  break  down  at  about  one -third  of  the  loading  at  which  breakdown 
begins  for  the  1 0  percent  dome  flow  combustor. 
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Although  no!  presently  shown,  ins 
PW2O0  combustor  with  a  15  percent 
Figure  7-22. 


ulated  stability  curve,  and  the  measured  stability  points,  for  the 
©  flow  fall  between  the  10  and  20  percent  curves  shown  in 


DOME  FLOW  20%  T7ab 


DOME  FLOW 
30%  XJah 


10-i  10°  101  102  10J 

Overall  Combustor  Loading  Group  Based 
on  Primary  Zone  Pressure  Exponent 

Fl@ur®  7-22,  C@mparil@M  ©altepSated  SSafelM®®  ftes*  Primary  Z@m©  Bypmfag  with  10%  and  20% 


lean  stability  for  th©  20  percent  dome  flow 


A  comparison  is  mad©  in  Figure  7-23,  of  th©  calculated 
combustor  against  th©  measured  data  at  this  condition. 


The  amount  of  experimental  data  for  th©  20  percent 
md  1 5  percsnt  cases.  As  for  th©  1 0  pen 


dome  flow  cas®  is  not  as  extensive  as  for  the  10 


reif -correlated  (left-hand  side  of  pit 
ice  ratio  is  gr@at©r  than  unity,  that  ®xhi 


■  »]|  Intel  »!:■ 


iporissm  ®1?  ©afeySstod  amid  ra®asw®dl  StefeS0itS@s  i 
a  2@%  0®re®  F0@w  ©©mfeystor 


EXPERIMENTAL  DATA 


©  _  o 


V'  L 


PRIMARY  ZONE 

BURNING 

20%  DOME  FLOW 


10"1  10°  101  102  10J 
Overall  Combustor  Loading  Group  Based 
On  Primary  Zone  Pressure  Exponent 


7.3.4  Summary  of  Hybrid  CFD/Stlrred  Roaster  l^tod©!  Evaluation 

The  Hybrid  CFD/Stirred  Reactor  Mode!  evaluation  was  conducted  over  a  wide  rang©  of  operating 
conditions  in  three  variations  (dome  flows)  of  a  generic,  simplified  gas  turbine  combustor  (PW200 
combustor).  Although,  consistent  with  the  original  program  decisions  (Section  2.0),  only  a  gaseous  fuel 
(propane)  was  used,  the  evaluation  was  still  a  rather  stringent  one.  Overall,  the  approach  proved  to  be  very 
successful. 

The  protocols  established  to  operate  the  reactor  network  cod©  and  to  define  a  blowout,  proved  to  be 
successful.  The  code  was  easily  run  in  interactive  fashion  on  a  486-based  RC.  In  finding  a  solution,  the 
code  was  found  to  have  progress  characteristics  that  in  many  ways  were  similar  to  those  of  a  real  combustor 
approaching  a  lean  blowout.  Handling  of  the  code  therefore  benefits  from  experience  in  operating 
combustors!  Debiting  the  lower  heating  value  of  the  fuel  to  account  for  combustor  heat  losses  appeared  to 
be  a  reasonable  strategy.  Use  of  the  reduced  mechanism  for  JP-5  fuel  with  propane  properties  appeared 
to  be  acceptable,  as  was  suggested  by  Section  S.5. 

The  code  successfully  calculated  the  effects  of  airflow,  pressure  and  airflow  distribution  on  the  PW200 
combustor  stability.  Any  difficulties  encountered  appeared  to  be  largely  associated  with  the  presentation  of 
the  collected  data,  (both  experimental  as  well  as  calculated),  in  correlated  form  over  wide  ranges  of 
operating  conditions.  As  a  correlating  group  the  loading  parameter  was  not  as  successful  as  it  was  for  the 
simple  PW100  and  PW150  combustors.  This  is  because  it  is  based  on  treatment  of  a  complex  real 
combustor  as  a  single  stirred  reactor,  which  it  clearly  is  not. 
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Flam©  extinction  is  a  singularity.  A  phenomenological  understanding  and  quantitative  description 
leading  to  a  predictive  capability  of  lean  blowout  in  a  real  gas  turbin©  combustor  therefore  represents  an 
extremely  complex  problem.  The  initial  program  decisions  (Section  2.0)  to  break  the  study  down  into  a 
series  of  smaller  steps  wer®  necessary  ones,  although  they  did  imply  that  not  all  aspects  of  the  complete 
problem  could  be  addressed  with  the  time,  psop!©  and  fiscal  resources  available.  Valuable  progress  has 
been  achieved  as  part  of  this  ©Sort,  but  much  still  remains  to  be  uncovered  in  future  work. 

The  three  combustors,  PW100,  PW150  and  PW2G0  of  sequentially  increasing  geometric  complexity, 
that  evolved  to  address  separate  aspects  of  th®  present  study,  proved  to  be  extremely  useful  in  building 
progressive  understanding,  developing  and  interpreting  various  experimental  diagnostic  techniques,  and 
in  testing  modeling  concepts.  It  transpired  that  even  “simple”  combustors  have  complex  behavior,  and  that 
the  simplicity  is  only  in  the  boundary  conditions  and  bounding  geometries.  This  being  so,  it  was  found  that 
application  of  many  different  diagnostics  to  a  given  combustor  was  essential  to  develop  a  comprehensive 
and  necessary  understanding  of  the  Sow  behaviors  and  combustion  characteristics.  Each  diagnostic  had 
its  own  story  to  tell;  together,  they  enhanced  one-anothsr!  It  was  ©specially  disconcerting  to  recognize  the 
extent  that  nonstationary  behavior  of  th©  mean  flow  field  plays  in  “turbulent”  mass  transport  and  lean 
blowout,  regardless  of  the  combustor  concerned.  There  are  implications  of  importance  her©  for  th© 
mathematical  modeling  of  such  flows. 

Th©  many  similarities  in  the  observed  gross  behavior  of  the  PW100,  PW150  and  PW2QG  combustors 
wer©  remarkable,  and  sugg©sted  that  th©  PW1 00  successfully  incorporated  within  its  design,  th©  essential 
features  of  flam®  stabilization  inherent  in  th©  PW20O  simplified,  generic  gas  turbin©  combustor.  Specific 
design  details  in  th©  more  complex  combustors  wer©  certainly  important,  but  only  modified  the  inherent 
gross  behavior.  It  was  interesting  to  not©  that  th©  detailed  behavior  in  th©  PW1 00  combustor,  the  simplest  of 
the  three  but  still  representative,  contained  many  feature©  and  behaviors  that  are  observed  in  other,  mors 
fundamental,  studies  of  flame  holding,  flame  lift,  and  blowout.  Regardless  of  the  combustor,  the  basic 
aerodynamic  behavior  is  associated  with  shear  layer  development.  Th©  shear  layers  may  be  axisymmetric 
and/or  curved,  and  they  may  interact  with  one-another,  but  they  are  shear  layers  nonetheless.  It  is  the 
detailed,  time- resolved,  behavior  of  these  shear  layers,  e.g.,  th©  vortical  structures  in  the  layer  and  their 
manipulation  of  the  local  bounding  flows,  that  appears  to  predominate  and  control  th©  combustion  behavior 
for  diffusion  flames.  (Since  shear  layers  are  inherently  unstable,  this  might  account  for  the  general 
nonstationary  behavior  observed.)  In  this  respect,  the  PW1O0  combustor  contains  within  It  th®  gross  flow 
behavior  representative  of  gas  turbine  combustors,  and  the  details  associated  with  th©  fundamentals  of 
flame  stability. 

The  technique  of  dilution  with  excess  nitrogen  to  simulate  low  pressures  was  successful  in  all  three 
combustors,  and  the  calibration  that  was  derived  from  information  contained  in  the  literature  for 
propane/excess  nitrogen/a'r  systems  appears  to  be  valid.  TH®  technique  does  suffer  from  eventual 
saturation  effects  at  very  high  values  of  nitrogen  to  fuel  mass  flow  ratios.  It  also  results  in  decoupling  of 
combustor  (cold)  residence  time  from  (cold  density.  This  must  be  allowed  for  in  making  comparisons  of 
experimental  results  obtained  using  the  technique,  with  other  experimental  results  and  calculations  mad© 
using  true  pressure  variations. 

Th©  attention  given  to  providing  good  opte&l  access  in  all  three  combustors  was  well  worth  th©  extra 
efforts  and  other  compromises  it  involved.  Th©  benefits  of  the  optical  access  wer©  accrued  not  only  in  the 
ability  to  apply  various  laser  diagnostic  techniques,  but  also  in  th®  direct  observation  of  flame  behavior  as 
operating  conditions  were  varied.  The  “mental  models”  so-acquired  proved  to  b©  most  valuable  in 
interpreting  the  LBO  characteristics,  and  in  applying  aspects  of  the  modeling.  The  value  of  the  “mental 
conditioning”  was  enhanced  through  the  us®  of  super-positioning  these  mental  models  from  th®  simpler 
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PW1G0  and  PW1SG  combustor©,  to  interpret  to©  impression  of  to®  Ism©  structures  and  behaviors  in  the 
more  complex  PW200  combustor.  This  was  ©specially  so  with  respect  to  to©  expansion  of  the  flame  through 
various  burning  zones  in  to©  PW200  combustor  as  the  effective  pressure  was  reduced  and  primary  zone 
fuel  loading  consequently  increased. 


some  ergonomic  short -comings  in  its  mechanical  design.  Separating  to©  fuel  injectors  from  the  PW200 
combustor  to  stand  alone  in  to®  PW150  combustor  was  a  wise  move,  and  enabled  the  relationships 


between  the  PW1G0  and  PW209  combustors  to  be  better  understood,  wsp® 
exists  between  the  injector  flows  and  to©  first  row  of  combustion  air  jets. 
PW150  study  was  how  th®  details  of  the  individual  stoichiometries  assc 
components  controlled  tin®  Sam©  behavior. 


close  - 

notsworthy  in  fhs 
with  to©  fuel  injector 


If  was  observed  in  to®  PW1 00  combustor  and  for  the  LS  injector  in  to©  PW1  SO  combustor,  that  as  lean 
blowout  was  approached,  flams  lift  occurred;  flams  lift  also  took  place  under  som®  conditions  for  the  HS 
injector  in  to®  PW150  combustor.  This  condition  was  also  apparent  in  the  PW200  combustor  with  LS 
injectors.  Therefor®,  even  though  to®  fuel  and  oxidant  might  b®  introduced  separately  to  give  a  nominal 
diffusion  flame,  flam®  lift  would  allow  som®  degree  of  partial  premixing  of  reactants  to  take  place  prior  to 
combustion.  This  observation  is  consistent  with  som©  arguments  made  for  the  stability  of  classical  jet 


flames,  where  air  entrainment  through  ths 


s.  Ths  observation  was  the 


basis  for  a  key  postulate  for  to©  modeling  approaches  pursued  in  this  program,  i.e.,  that  turbulent  diffusion 
flames  near  blowout  atosyo  involve  a  degree  of  flame  lift  with  som©  significant  amount  of  premixing  of 
reactants  at  some  appropriate  length  scale,  as  a  .result 


The  modeling  effort  fell  into  four  parts  concerned  with  1.)  correlation,  for  experimental  data,  2.) 
phenomenological,  for  quick  status  assessments,  3.)  mathematical,  for  a  priori  calculation  of  detailed  flam© 
characteristics,  and,  4.)  hybrid,  as  a  design  analysis  tool,  in  each  part,  the  detailed  approach  was  founded 
in  the  key  postulate,  and  relied  on  partial  premixing  concepts,  in  Parts  1 ,  3  and  4,  partial  premixing  was 
utilized  in  to©  form  of  well -stirred  reactor  theory.  Non©  of  the  modeling  explicitly  addressed  ths  other  key 
observation  concerning  to®  presence  of  flow  oscillations. 


Th©  experimental  data  correlation  used  wall -stirred  reactor  theory  directly,  by  treating  the  combustor 
as  a  single  reactor  that  could  bs  sized  by  established  and  methodical  procedures  (e.g.,  the  dissipation 
gradient  method).  Th©  resulting  loading  parameter  approach  was  very  successful  for  simple  combustors 
that  had  a  sing!©  and  well-defined  reaction  zone,  and  which  only  operated  over  a  relatively  limited  range  of 
inlet  conditions,  ©.g.,  th®  PW1 00  combustor.  It  failed  for  th®  more  complex  PW20Q  combustor  because  this 
vehicle  had  more  than  a  sing!®  potential  reaction  zona,  and  used  them  in  sequence  as  th©  operating 
conditions  demanded.  A  satisfactory  general  procedure  for  correlating  data  from  such  complex 
combustors  ©v©r  very  wide  ranges  of  operating  condition©  was  not  produced  during  th©  present  study. 


A  phenomenological  mods!  for  quick  assessment  of  stability  was  formulated  by  a  characteristic  time 
method,  whereby  a  mixing  time  scale  is  compared  to  a  chemical  reaction  time  seal©  for  a  critical  value 
determining  flame  extinction.  Pertinent  empirical  data  were  incorporated  into  these  times,  and  constants 
were  established  by  means  of  a  limit  analysis.  The  ratio  of  these  times  was  also  related  to  a  critical  Kartovitz 
Number  (flame  stretch  criterion)  for  flam©  extinction  in  to©  case  of  weak  turbulence. 

The  drawback  of  this  phenomenological  stability  parameter  was  that  it  involved  local  turbulence 
characteristics  and  flam©  spssd,  and  therefor®  needed  to  be  applied  on  a  point— by— point  basis 
throughout  a  calculated  fiowfeid.  It  is  hence  best  suited  to  incorporation  into  a  CFD  code.  This  removes  it 
from  the  category  of  a  “quick  assessment*  procedure!  Beyond  a  brief  but  successful  look  at  ths  PW100 
combustor,  (where  it  was  applied  during  postprocessing  of  a  cold -flow  CFD  calculation),  exploration  of  the 
general  utility  of  this  stability  parameter  was  not  mad©  as  part  of  this  program. 


The  mathematical  modeling  approach  selected  for  investigation  was  th®  Eddy  Dissipation  Concept 
combustion  model  of  iVlagnusssn.  The  EDC  combustion  model  concentrates  on  the  physics  of  the 
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fine-scale  turbulence  where  most  of  the  dissipation  of  turbulence  kinetic  energy  into  heat  takes  place  and 
where  molecular  mixing  is  accomplished.  It  makes  the  assumption  that  reactants  are  homogenously  mixed 
within  the  fine— scale  eddy  structures,  and  therefore  treats  them  as  being  well— stirred  reactors.  Sine©  the 
scale  of  the  fin©  eddy  structures  are  normally  well -below  what  could  be  resolved  by  any  reasonable  CFD 
computational  grid,  the  EDC  model  is  a  subgrid  scale  combustion  model. 

The  EDC  model  involves  two  parts,  1 .)  establishing  from  fluid  dynamics  the  subgrid  scale  reactors  and 
the  surrounding  fluid  feed -stream  conditions,  and,  2.)  establishing  the  chemical  reaction  rates  within  the 
subgrid  scale  reactors.  The  fluid  dynamic  portion  can  be  reduced  to  the  form  of  a  series  of  residence  time 
scales  which  may  be  compared  with  chemical  kinetic  time  scales  (from  the  second  part)  to  establish  flam© 
extinction  criteria.  The  turbulence  model  incorporated  in  the  CFD  code  supplies  the  necessary  information 
from  which  the  fluid  dynamic  time  scales  may  be  calculated. 

Incorporation  of  a  chemical  reaction  kinetics  mechanism  into  a  CFD  cod®  involves  a  number  of 
difficulties  that  should  be  addressed.  A  major  one  is  that  a  transport  equation  must  be  solved  for  each 
individual  chemical  species  involved  in  the  mechanism.  The  additional  computational  burden  so— arising 
may  be  manageable  for  very  simple  reacting  flowfields,  but  it  rapidly  becomes  unacceptable  as  flowfield 
complexity  increases.  Therefore,  there  is  always  a  desire  to  find  the  simplest  possible  reaction  mechanism 
that  is  appropriate.  Another  difficulty  is  that  th®  rate  constants  in  a  reaction  mechanism  are  not  usually 
evaluated  at  conditions  representative  of  LBO  in  an  aircraft  gas  turbine.  The  simpler  th©  reaction 
mechanism  is,  the  more  important  it  becomes  that  the  rat®  constants  be  correct.  Therefore,  finding  a 
reduced  reaction  rat®  mechanism  for  propane/air  systems  that  reproduces  appropriate  (well -stirred 
reactor)  LBO  characteristics  was  a  task  of  some  importance.  Success  in  this  effort  was  not  satisfactorily 
achieved,  and  it  was  necessary  to  fall  back  on  an  empirically-calibrated,  single-step  reaction  mechanism 
due  to  Kretschmer  &  Odgers. 

The  EDC  model  was  therefore  implemented  in  the  limit  of  fast  chemistry.  In  this  limit  of  fast  chemistry, 
an  extinction  criterion  was  established,  and  this  was  applied  as  an  extinction  residence  time  for  a  reactor.  In 
this  form  there  was  a  great  deal  of  similarity  and  consistency  with  the  phenomenological  stability  parameter 
established  as  part  of  this  program,  although  the  EDC  model  accounted  for  intermittency  which  the  stability 
parameter  did  not. 

The  fast  chemistry  version  of  the  EDC  model  implemented  in  the  Pratt  &  Whitney  2D-PREAGH  CFD 
code  was  able  to  successfully  calculate  flame  lift  for  both  classical  jet  diffusion  flames  from  the  literature  and 
in  the  PW100  combustor.  However,  it  was  not  able  to  calculate  the  attached  flame  condition  in  the  PW100 
combustor.  Two  possible  reasons  for  this  failure  were  identified:  1.)  The  lack  of  reaction  kinetics  allowed 
substantially  all  of  the  fuel  to  be  consumed  in  the  jet  shear  layers  so  that  insufficient  survived  to  be 
recirculated  back  to  the  combustor  step  to  there  generate  the  attached  flame.  2.)  Th®  possibility  in  the 
actual  experiment,  that  sufficient  unreacted  fuel  to  produce  the  attached  flame  was  directly  introduced  into 
the  step  recirculation  from  the  central  fuel  jet,  by  (unaccounted  for  in  the  calculation)  nonstationary  behavior 
in  the  mean  flow.  Had  sufficient  fuel  survived  the  jet  shear  layers  in  the  calculation  to  be  returned  to  the  step 
region  of  the  combustor,  the  calculated  extinction  criterion  in  the  step  region  would  still  have  excluded  the 
attached  flame.  It  appears  that  some  further  adjustment  of  Magnussen’s  so-called  “adjustment  factors” 
might  therefore  be  necessary.  It  was  clear  that  temperature -broadening  of  the  “flammability  limits”  on  the 
rich-side  was  also  a  necessary  improvement  that  should  be  made. 

The  CFD  calculations  made  of  the  PW200  combustor  yielded  a  stationary -state  solution,  that  when 
used  in  conjunction  with  the  OH  and  flame  imaging,  and,  the  CARS  and  LDV  measurements,  of  the  LS  fuel 
injector  in  the  PW1 50  combustor,  together  with  the  direct  flame  observations  and  the  CARS  measurements 
in  the  PW200  combustor,  formed  part  of  a  most  useful  diagnostic  package  for  understanding  the 
combustion  behavior  in  the  PW200  combustor.  Each  diagnostic  technique  separately  conveyed  a  certain 
amount  of  information  about  the  complex  reaction  processes  in  the  simplified  generic  combustor  or  its 
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component  parts;  used  together  they  permitted  a  comprehensive  picture  of  the  behavior  to  be  built  up  that 
helped  to  explain  the  LBO  behavior  and  measurements. 

When  th©  calculated  iowfcltite  in  the  PW208  combustor  were  postprocessed  In  terms  of 
Swithonbank’s  dissipation  gradient  approach,  th©  complicated  flow  structures  could  be  reduced  to  a 
simplified  network  of  individual  reactor®  of  various  kinds  and  sizes,  together  with  their  connectivities.  In 
philosophy  this  is  very  similar  to  Magnusssn’s  EBC  approach,  except  that  now,  the  seal©  is  on  th© 
macro-plus  lev®!,  i.s.,  it  forms  a  supra-gred  seal©  combustion  model.  With  this  network  then,  the 
combustor  behavior  could  be  studied  in  yet  another  way,  in  this  case,  in  processing)  terms. 


Th©  smaller  number  of  reactors  involved,  together  with  th®  meMpfltaf  from  the  fluid  dynamics, 
permits  ctetsieoi  chemical  reaction  mechanisms  to  b®  used  In  such  processing  solutions,  without  excessive 
computational  cost.  In  th©  present  instance,  th®  chemical  reaction  mechanism  of  Kollrack for  Jet-M)P  8/air 
systems,  used  with  propane  properties,  was  utilized  since  this  had  been  shown  to  give  reasonable 
representation  of  the  LBO  curve  for  well-stirred  reactors. 

With  this  hybrid  modeling  approach  th©  time-consuming  and  computationally-expensiv©  CFD 
calculation  is  only  performed  one®,  at  appropriate  conditions  representative  of  LBO.  it  is  presumed  that  the 


calculated  flowleld  then  does  not  change  much  with  fairly  wide  variation  i 
and  minor  changes  in  combustor  airflow  distribution.  These  presumption® 
from  Spalding’s  partial  modeling  methods  [34.],  i.a 


flowfeid  is  established  by  th©  combustor  geometry  and  the 


pressure  drop  across  it  only.  Solution,  of  th®  reaction  ordinary  differential  aquations  for  th©  network 
chemistry  is  computationally  not  inherently  expensive,  and  can  be  performed  relatively  quickly.  Th©  hybrid 
approach  therefore  allows  many  blowout  calculations  over  a  rang©  of  combustor  loadings  to  be  performed 
rather  rapidly,  so  that  a  stability  curve  for  th©  combustor  can  be  established.  TH©  stability  curve  is  directly 


useful  to  th©  combustor  designer  who  can  use  it  to  assess  th©  blowout  of  th©  design  at  suitable  engine 
operating  conditions,  for  example. 


Th©  hybrid  modeling  approach  proved  to  be  rather  successful  in  defining  the  stability  behavior  of  the 
PW200  combustor.  It  correctly  calculated  the  effects  on  overall  equivalence  ratio  at  lean  blowout  of  primary 
zone  airflow,  combustor  pressure,  and,  variations  in  dome  flow  split, -tothe  level  of  accuracy  with  which  LBO 
tests  can  be  performed  and  correlated.  Th©  probable  reason  for  this  success  is  that  LBO  is 
chemistry -dominated,  and  a  good  job  was  don©  of  that  aspect  in  th©  hybrid  modeling,  while  th©  fluid 
dynamics  only  needs  to  b©  approximately  correct.  Similarly,  while  th©  nonstationary  flow  aspects  of  LBO 
wer©  not  explicitly  addressed  in  th©  hybrid  modeling,  th©  protocol  for  a  blowout,  in  terms  of  a  critical 
temperature,  which  can  be  set  to  a  high  enough  value,  probably  covers  nonstationary  effects  implicitly, 

LBO  is  dominated  by  chemistry,  and  these  effects  must  be  accounted  for  in  some  suitable  fashion  in 
any  modeling  of'  the  LBO  process.  In  summary,  th®  program  investigating  LBO  in  gas  turbine  engine 
combustors  achieved  its  objective  of  creating  a  viable  modeling  procedure,  in  th©  form  of  the  hybrid 
modeling,  that  is  suitable  for  calculating  th®  stability  characteristics  of  a  given  design.  Th®  modeling 
procedure  accounts  for  both  flowfield  and  chemical  kinetics  in  uncoupled  fashion,  but  is  still  relatively 
time-consuming  in  that  if  requires  three  distinct  steps.  However,  it  is  a  viafol®  procedure  in  th©  context  of  a 
time-scale  associated  with  an  engine  development  program.  The  total  elapsed  time  to  go  through  th© 
procedure  would  benefit  greatly  from  a  speed-up  in  any  of  the  three  sequential  steps  -  CFD  analysis  to 
establish  the  flowfield,  postprocessing  th©  calculated  flowfield  via  dissipation  gradient  analysis  to  establish 
the  reactor  network,  and,  reactor  network  blowout  calculations.  The  rate-controlling  step  is  the  CFD 
analysis,  and  th©  LBO  calculation  would  b©  significantly  shortened  if  the  CFD  analysis  procedure  could  be 


Th©  CFD  calculation  may  be  on©  performed  with  a  simple  combustion  model,  or  a  combustion  model  that  is 
more  complete  if  so-desired;  it  may  even  be  a.  nonreacting  flow  case  provided  that  the  fuel  is  identified  as  a 
separate  fluid  to  the  air. 
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The  approach  is  primarily  a  design  analysis  procedure  as  opposed  to  a  design  synthesis  procedure. 
The  effects  of  some  combustor  variables  can  be  easily  determined,  provided  that  these  variables  do  not 
substantially  change  the  combustor  fiowfield.  If  the  combustor  changes  are  extensive  enough  to  result  in 
significant  fiowfield  changes,  then  the  LBO  calculation  procedure  must  be  recommenced  from  the 
beginning.  The  effects  of  changing  combustor  operating  conditions  are  easily  determined  without 
additional  modification. 

As  implemented  under  the  program  the  hybrid  procedure  only  addresses  gaseous  fuels,  although  any 
gaseous  fuel  can  be  accommodated  through  use  of  alternative  chemical  reaction  mechanisms  and  fuel 
properties.  Extension  of  the  method  to  liquid  fuels  is  desirable. 
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THUS  INTENTIONALLY  LEFT  BLA« 
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SECTION  9.0 
CONCLUSIONS 

As  a  result  of  the  studies  conducted  under  this  program  of  research,  the  following  conclusions  could 
be  reached: 

1 .  LBO  of  enclosed  diffusion  flames,  for  both  plain  -jet  and  swirling  -jet  flows,  involves  a  degree  of 
flame -lift,  and  as  a  consequence,  some  amount  of  premixing  or  partial -premixing  of  reactants 
prior  to  combustion.  The  flame-lift  takes  place  for  both  fuel-rich  and  fuel-lean  conditions, 
although  this  may  or  may  not  be  immediately  obvious  for  rich  flames.  The  partial  premixing  should 
be  accounted  for  in  any  analysis  of  LBO. 

2.  Nonstationary  behavior  of  the  mean  flowfield  exists  in  enclosed  diffusion  burning  when  the  bulk 
equivalence  ratio  is  both  above  and  below  unity.  This  is  so  for  both  simple  (plain -jet)  and 
relatively  complex  (swirling  -jet)  combustion  systems.  In  simple  systems  it  manifests  itself  as  axial 
movements  of  the  flame  front  when  the  flame  is  lifted;  for  complex  systems  it  manifests  itself  as  a 
“puffing”  behavior  of  the  flame,  and  may  involve  a  spiral  mode.  For  simple  systems  at  least,  the 
nonstationary  behavior  can  substantially  affect  the  “turbulent”  mass  transport  for  overall  fuel -rich 
conditions.  As  LBO  is  approached  and  the  flame  has  lifted,  the  low-frequency  nonstationary 
behavior  increases  in  amplitude,  and  appears  to  play  a  direct  role  in  the  blowout. 

3.  The  experimental  roles  of  the  nonstationary  mean  flow  behavior  observed  in 

enclosed  diffusion  flames  suggests  that  any  stationary-state  CFD  solution  of  these  flows  will  only 
have  limited  utility  in  providing  detailed  simulations  of  flame  behavior;  true  time -dependent 
calculations  are  required  for  the  research— study  of  enclosed  diffusion  flames,  with  time— step 
and  grid  sizes  adequate  to  resolve  the  important  phenomena. 

4.  Because  of  the  partial— premixing  phenomena,  classical  stirred— reactor  concepts  can  play  a 
useful  role  in  modeling  LBO  of  enclosed  diffusion  flames.  Experimental  LBO  data  from  simple 
combustion  systems  are  well— correlated  by  a  combustor  loading  parameter  developed  from  the 
stirred  reactor  concept.  For  complex  combustion  systems  that  can  have  more  than  a  single 
potential  flame-holding  region,  such  a  simple  loading  parameter  fails  to  correlate  LBO  data,  due 
to  breakdown  of  the  description  of  apparent  reaction  order,  that  governs  pressure  dependency. 

5.  For  certain  combustion  situations,  such  as  blowout,  the  kinetics  of  the  chemistry  has  a  dominant 
role.  Any  modeling  using  equilibrium,  or  infinitely— fast,  chemistry  is  most  unlikely  to  be 
appropriate.  There  are  implied  difficulties  in  this  conclusion,  for  the  computational  costs 
associated  with  attempted  solutions  based  on  CFD  methods,  due  to  the  need  to  solve  transport 
equations  for  each  species  involved. 

6.  Adequate  hydrocarbon/air  chemical  reaction  mechanisms  for  representation  of  the  LBO  of 
propane,  either  full  or  reduced  mechanisms,  do  not  currently  exist.  The  reason  is  most  probably 
associated  with  the  rate  constants  used. 

7.  For  complex  (swirl -stabilized)  gas  turbine  engine  generic  combustion  systems  the  combustor 
dome  (fuel -rich  usually)  flows  are  closely-coupled  with  the  downstream  transverse  air  jet  array 
supplying  additional  combustion  air.  Procedures  aimed  at  calculating  the  LBO  characteristics  for 
such  systems  must  account  in  some  substantive  way  for  these  fluid  dynamic  interactions. 

8.  A  successful  hybrid  modeling  procedure  that  includes  both  fluid  dynamic  and  chemical  kinetic 
aspects  of  the  LBO  process,  has  been  produced.  This  procedure  accounts  for  the  effects  of 
flame-lift  and  partial  premixing,  and  dome/jet  flow  interactions,  but  does  not  account  for  any 
nonstationary  flow  characteristics;  it  also  includes  relevant  chemistry.  It  is  successful  because  of 
the  way  blowout  is  defined  through  a  critical  temperature,  whose  observed  value  implicitly 
includes  any  effects  not  explicitly  accounted  for. 

9.  Increasing  the  amount  of  the  total  (gas  turbine  generic)  combustor  airflow  that  is  introduced 
through  the  combustor  dome  reduces  the  stability  of  the  combustor,  as  does  increasing  the 
overall  airflow  or  reducing  the  operating  pressure. 
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SECTION  10.0 
RECOMMENDATIONS 


The  present  work  by  intent  only  investigated  part  of  the  overall  LBO  problem,  so  that  many  important 
aspects  were  not  explored.  In  addition,  certain  gaps  and  unanswered  questions  were  uncovered  during  the 
execution  of  this  effort.  Together,  these  issues  remain  to  be  addressed.  As  a  result,  some  recommendations 
for  future  work  are  as  follows: 


1.  Nonstationary  behavior  of  the  mean  flowfield  has  been  observed  to  be  important  in  enclosed 
diffusion  flames.  The  roles  of  nonstationary  mean  flow  behavior  in  determining  mass  transport, 
combustion  efficiency,  and  details  of  flame  extinction,  in  such  combusting  flows  is  deserving  of  a 
thorough  investigation. 


2.  The  role  of  liquid  fuels  in  modifying  the  nonstationary  mean  flow  behavior  of  enclosed  diffusion 
flames  should  be  explored.  In  addition,  potential  coupling  of  the  mean  gas  flow  oscillations  with 
the  liquid  fuel  flow  from  high  flow  number  (low  liquid  pressure  drop)  airblast-atomizing  injectors 
(low  fuel  momentum),  and  the  subsequent  effects  on  time-dependent  liquid  atomization,  local 
heat  release  rate,  and  pollutant  formation,  and  on  LBO,  are  extremely  important.  These  aspects 

ig 
in 


are  worthy  of  study.  Such  a  study  could  then  be  usefully  extended  to  include  the  strong  coupli? 
that  has  been  shown  to  exist  between  the  dome  flow  and  the  transverse  combustion  air  jet  array 
a  generic  gas  turbine  combustor. 


3.  Derivation  is  needed  of  suitable  complete  reaction  kinetics  mechanisms  and  rate  constant  sets  for 
hydrocarbon/air  systems,  that  are  suitable  for  LBO  conditions.  Reduction  of  such  sets,  when 
obtained,  to  a  number  of  species  suitable  for  incorporation  into  CFD  codes  without  unacceptable 
computational  penalties,  would  then  be  a  worthwhile  effort.  It  is  recognized  that  such  reduced 
sets  would  likely  only  be  of  limited  applicability,  e.g.,  one  set  for  LBO  calculations,  and  perhaps 
another  set  needed  for  emissions  calculations. 


4.  The  next  useful  development  of  the  hybrid  modeling  procedure  for  LBO  would  be  to  extend  it  to 
cover  liquid  fuels.  It  could  also  serve  as  a  useful  and  pragmatic  engineering  tool  for  other 
combustion  situations  where  reaction  chemistry  is  important,  e.g.,  in  the  emissions  area. 
Development  into  this  area  is  definitely  worthwhile. 

5.  The  EDO  combustion  model  of  Magnussen  has  great  potential,  despite  its  relative  lack  of  success 
in  the  PW100  combustor  test  cases.  The  obvious  short-comings  with  the  extinction-time 
implementation  should  be  addressed,  and  this  is  relatively  easily  accomplished.  If  a  reduced 
chemical  reaction  mechanism  should  be  forthcoming,  as  under  Recommendation  No.  3,  the 
kinetics  version  of  the  EDC  model  should  be  developed  and  re-explored  for  LBO,  and  extended 
to  emissions  calculations. 


6.  The  Stability  Parameter  phenomenological  model  should  be  tested  against  flames  from  the 
literature,  and  the  links  to  a  critical  Karlovitz  Number  for  LBO,  investigated.  It  could  be  applied  as  a 
postprocessing  function  to  a  standard  CFD  calculation,  or,  implemented  as  an  alternative  in  the 
EDC  model. 


7.  The  need  for  a  revised  correlating  parameter  for  LBO  data  from  complex  combustors  having  more 
than  a  single  potential  burning  zone  has  been  demonstrated.  Such  a  parameter  would  find  great 
utility  in  the  practical  design  world. 
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In  a  modern  aircraft  gas  turbine  combustor ;  the  phenomenon  of  lean  blow-out 
(LBO)  is  of  major  concern.  To  understand  the  physical  processes  involved  in  LBO, 
a  research  combustor  was  designed  and  developed  specifically  to  reproduce  recir¬ 
culation  patterns  and  LBO  processes  that  occur  in  a  real  gas  turbine  combustor.  A 
total  of  eight  leading  design  criteria  were  established  for  the  research  combustor. 
This  paper  discusses  the  combustor  design  constraints ,  aerothermochemica I  design , 
choice  of  combustor  configurations ,  combustor  sizing P  mechanical  design ,  com¬ 
bustor  light-off and  combustor  acoustic  considerations  that  went  into  the  final 
design  and  fabrication.  Tests  on  this  combustor  reveal  a  complex  sequence  of  events 
such  as  flame  lift-off  intermittency ,  and  onset  of  axial  flame  instability  leading  to 
lean  blowout.  The  combustor  operates  satisfactorily  and  is  yielding  benchmark 
quality  data  for  validating  and  refining  computer  models  for  predicting  LBO  in  real 
engine  combustors. 


IsnSrodlLIlCltDOIIB 

The  provision  of  adequate  stability  in  aircraft  gas  turbine 
combustors  is  a  long-term  problem  that  is  exacerbated  by  sev¬ 
eral  current  design  trends.  Of  particular  concern  is  the  phe¬ 
nomenon  of  lean  blow-out  (LBO).  The  solution  to  this  problem 
is  made  difficult  by  deficiencies  in  present  calculation  methods 
and  by  conflicting  design  criteria.  A  joint  U.S.  Air  Force, 
industry,  and  university  research  program  is  being  carried  out 
to  improve  the  understanding  of  the  physical  processes  in¬ 
volved  in  LBO  and  also  the  calculation  procedures  used.  Re¬ 
cently,  Sturgess  et  al.  (1989)  have  provided  a  broad  description 
of  this  overall  program. 

In  a  modern  annular  gas  turbine  combustor,  flame  is  sta¬ 
bilized  by  producing  a  recirculation  zone  in  the  flow  field.  This 
zone  is  generated  by  a  combination  of  three  mechanisms, 
namely:  an  axial  swirling  air  jet  associated  with  each  fuel  in¬ 
troduction,  sudden  expansion  of  the  axial  swirling  jets  as  they 
enter  the  primary  zone,  and  back-pressure  provided  by  an  array 
of  radial  air  jets  at  the  end  of  the  primary  zone.  The  recir¬ 
culation  zone  itself  serves  a  triple  purpose  of:  (/)  producing 
a  region  of  low  velocity,  (//)  providing  high  residence  time  for 
the  flame  to  propagate  into  the  incoming  fresh  mixture,  and 
(/'/'/)  serving  as  a  source  of  continuous  ignition  for  the  com¬ 
bustible  fuel-air  mixture. 

To  obtain  low  exhaust  emissions,  Pratt  &  Whitney  currently 
tailors  the  combustor  flow  control  mechanisms  to  produce  an 
“inside-out”  recirculation  pattern,  illustrated  in  Fig.  1.  There¬ 
fore,  the  research  combustor  was  required  to  reproduce  this 
type  of  recirculation  pattern.  At  the  same  time,  it  had  to  pro- 

Contributed  by  the  Internationa]  Gas  Turbine  Institute  and  presented  at  the 
35th  International  Gas  Turbine  and  Aeroengine  Congress  and  Exposition,  Brus¬ 
sels,  Belgium,  June  11-14,  1990.  Manuscript  received  by  the  International  Gas 
Turbine  Institute  January  16,  1990.  Paper  No.  90-GT-143. 
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Fig.  1  Flow  patterns  in  a  modem  annular  combustor  showing  swirl  and 
recirculation  dominating  the  “inside-out”  primary  zone 


vide  stable  combustion  over  a  wide  variation  in  its  loading,  be 
geometrically  simple  for  ease  of  experimentation  and  com¬ 
putation,  and  provide  adequate  optical  access  for  measure¬ 
ments. 

Desigim  Cnfensi 

The  following  were  established  as  the  leading  criteria  to 
satisfy  the  above  design  requirements: 

1  Introduce  fuel  and  air  separately  to  produce  a  turbulent 
diffusion  flame. 

2  Have  geometric  simplicity  so  that  accuracy  of  CFD  mod¬ 
eling  is  not  affected  by  the  combustor  shape  representation. 
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3  Be  two-dimensional  to  minimize  the  cost  of  CFD  mod¬ 
eling,  and  to  simplify  measurements  and  their  interpretation. 

4  Have  well-defined  boundary  conditions  so  these  may  be 
correctly  represented  in  CFD  modeling. 

5  Contain  the  flame  fully  near  blow-out  conditions  for  all 
loadings  that  should  be  achieved  without  recourse  to  exotic 
operating  conditions. 

6  Avoid  flow  field  interference  and  nonstationary  behavior 
due  to  acoustic  resonance. 

7  Provide  good  optical  access  for  flow  visualization  and 
laser  diagnostics. 

8  Be  inexpensive  to  manufacture  and  operate,  but  have 
structural  robustness  and  durability. 

These  criteria  contain  several  potential  conflicts  and  indeed, 
simultaneous  satisfaction  of  all  criteria  without  some  com¬ 
promises  proved  not  to  be  possible. 

Design  Constraints 

The  research  combustor  was  to  be  operated  in  the  Funda¬ 
mental  Combustion  Laboratory  of  the  U.S.  Air  Force,  Wright 
Research  and  Development  Center,  Aero  Propulsion  and  Power 
Laboratory,  W-PAFB,  Ohio.  A  layout  and  a  detailed  descrip¬ 
tion  of  this  laboratory  are  given  by  Ballal  et  al.  (1987). 

The  research  combustor  was  mounted  vertically  on  the  lab¬ 
oratory  burner,  which  is  bolted  to  a  traverse  platform  capable 
of  a  vertical  movement  of  61  cm  and  a  horizontal  movement 
of  23  cm  in  each  of  the  other  two  directions.  An  exhaust  hood 
is  located  directly  above  the  combustor  exit  section.  A  three- 
component  LDA  system  for  velocity  measurements  and  a  CARS 
system  for  flame  temperature  measurements  are  arranged  on 
two  separate  1.22  m  x  2.44  m  optics  tables  on  either  side  of 
the  combustor.  By  moving  the  combustor  relative  to  the  fixed 
optical  diagnostics,  the  complexity  of  the  optical  arrangement 
is  minimized.  Of  course,  this  imposes  constraints  on  the  com¬ 
bustor  design.  For  example,  the  combustor  dimensions  must 
be  chosen  such  that  the  scale  of  events  of  interest  taking 
place  inside  the  combustor  is  within  the  traverse  distance  of 
the  platform.  Similarly,  the  requirement  to  have  the  base 
of  the  combustor  in  line  with  the  height  of  the  laser  beams 
above  the  optics  table  and  the  location  of  the  exhaust  hood 
above  the  optics  table  places  a  restriction  on  the  maximum 
length  of  the  combustor.  Finally,  the  combustor  has  to  pass 
through  a  40  cm  x  40  cm  square  cut-out  in  the  breadboard 
optical  bench  that  carries  the  LDA-CARS  optics  and  also  binds 
the  other  two  optics  tables. 

Air  was  supplied  to  the  combustor  in  the  510  kg/h  to  4900 
kg/h  range  at  atmospheric  pressure.  The  combustion  lab¬ 
oratory  provides  gaseous  propane  and  methane  fuels.  For  pro¬ 
pane,  flow'  rates  beyond  20  kg/h  are  difficult  to  obtain  due  to 
limitations  of  the  facility.  This  fuel  flow  rate  limit  imposes 
additional  constraints  on  the  combustor  design. 

AerothermochemicaS  Design 

At  the  outset,  use  of  swirl  generators  was  ruled  out  for 


establishing  a  recirculating  flow  Field  because  Sturgess  et  al. 
(1986)  found  that  they  produce  complex  inlet  boundary  con¬ 
ditions  for  CFD  codes  and  current  turbulence  modeling  cal¬ 
culates  swirling  flows  inaccurately  (Sturgess  and  Syed,  1985). 
Also,  Gupta  et  al.  (1984)  observe  that  a  strongly  swirling  central 
jet  induces  exit  flow  into  a  combustor  and  produces  precessing 
vortex  cores.  Therefore,  jet  expansion  was  used  to  generate 
the  inside-out  recirculation. 

The  jet  expansion  arrangement  consists  of  a  central  gaseous 
fuel  jet  surrounded  by  a  co flowing  annular  air  jet.  Both  jets 
suddenly  expand  into  a  confinement  that  is  symmetric  about 
the  jet  axes.  This  configuration,  which  can  be  either  planar  or 
axisymmetric,  represents  a  single  sector  of  a  practical  annular 
combustor  rather  well.  The  back-pressure  effects  produced  by 
the  transverse  air  jets  in  a  real  combustor  had  to  be  considered 
for  the  research  combustor  as  well.  Individual  air  jets  are  three 
dimensional  and  do  not  provide  the  required  uniformity. 
Therefore,  the  back-pressure  effect  was  simulated  by  restricting 
the  outlet  from  the  research  combustor  by  means  of  an  orifice 
plate.  This  restriction  was  sufficiently  far  downstream  from 
the  sudden  expansion  that  the  step-recirculation  zones  were 
not  affected. 

In  this  research  combustor,  gaseous  hydrocarbon  fuel  was 
burned  because  its  chemistry  resembles  that  of  vaporized  JP 
fuels.  The  choice  between  propane  and  methane  was  made 
based  upon  their  peak  flame  temperatures,  transition  Reynolds 
numbers,  flame  lengths,  lift-off  heights,  and  blow-out  char¬ 
acteristics. 

Peak  flame  temperatures  were  important  because  the  an¬ 
nealing  temperature  limit  for  fused  quartz  window  is  approx¬ 
imately  1450  K.  Since,  heat  release  would  be  confined  to  the 
central  portion  of  the  combustor,  it  seemed  feasible  to  operate 
the  combustor  at  1700  K  corresponding  to  0  -  0.6  for  pro¬ 
pane-air  mixture.  This  value  of  0  represents  LBO  conditions 
similar  to  well-stirred  reactor  performance  (see  Clarke  et  al., 
1958). 

Since  the  research  combustor  must  operate  in  the  fully  de¬ 
veloped  turbulent  region,  the  critical  transitional  Reynolds 
numbers  for  propane  and  methane  fuel  jets  were  obtained  from 
Hottelland  Hawthorne  (1949)  as  10,000  and  3000,  respectively. 
Flame  length  is  important  because  the  combustor  must  confine 
the  flame.  For  enclosed  flames,  Beer  and  Chigier  (1972)  and 
Lenze  (1982)  have  shown  that  the  flame  length  depends  on  the 
Thring-Newby  criterion  0 ,  and  the  excess  air  ratio,  X.  Figure 
2  shows  a  plot  of  flame  length  ratio  L/Lf  versus  1/0. 

Now,  for  0  =  0.6,  and  X  =  1.7,  the  maximum  flame  length 
L/Lf  -  1.3  occurs  for  zero  recirculation  (i.e.,  when  0<1). 
This  condition  determines  maximum  combustor  length  =  200 
and  296  fuel  jet  passage  heights  for  propane  and  methane 
respectively. 

When  conditions  for  critical  Reynolds  numbers,  maximum 
propane  flow  rate,  and  maximum  flame  length  are  combined, 
the  required  combustor  length  for  both  fuels  exceeds  the  avail¬ 
able  space  in  the  facility.  Therefore,  recirculation  (1/6  >  1.0) 
becomes  a  prerequisite.  At  0  =  0.6,  less  recirculation  is  re- 


Nomenclature 


B  -  blockage  ratio 
D  ~  flameholder  diameter 
d  -  diameter 
h  -  height 
L  -  length 
m  -  mass  flow 
p  =  pressure 
r  -  radius 


T  =  temperature 
Tu  =  mainstream  turbulence  in¬ 
tensity 

U  ~  mean  velocity 
x,  y,  z  =  directions 

6  -  Thring-Newby  parameter 
X  -  excess  air  ratio 
p  -  density 
0  =  equivalence  ratio 
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Subscripts 

a  -  air,  annulus 
c  -  combustor 
/  =  flame,  fuel  tube 
FAR  =  fuel  air  ratio 

/  =  equivalent  fuel-air  supply 
passage 

LBO  =  lean  blow-out 

5  =  step,  air  passage  radius 
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Fig.  2  Flam©  5©FtsgSh  raftlo  as  a  furscftlors  ©H  reciprocal  Thring-Wewby 
criterion  ffor  various  valui©s  oil  excess  air  ratio  (for  an  enclosed,  natural 
gas  flame  (Lenze,  1982) 
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Fig.  3  Schematic  diagram  of  She  final  configuration  of  the  research 
combustor  mounted  on  the  burner  (Inset  shows  ‘  sonic  disruptor  ) 


quired  for  a  propane  flame  of  the  requisite  length  than  is 
required  for  methane. 

As  the  LBO  condition  is  approached ,  the  attached  diffusion 
flame  lifts  from  the  fuel  tube  and  is  stabilized  slightly  down¬ 


stream.  This  is  the  region  of  most  interest  and  relevance  to  the 
present  study.  Thus,  the  combustor  has  to  be  long  enough  to 
contain  the  lifted  flame  region;  and  this  region  has  to  fall 
within  the  traverse  window.  Both  Kalghatgi  (1987)  and  Dahm 
and  Dibble  (1988)  have  shown  that  propane  has  less  lift-off 
height  than  methane.  Considering  both  flame  length  and  lift¬ 
off  heights,  the  choice  of  gaseous  propane  yields  smaller  com¬ 
bustor  length. 


Choke  off  Configuration 

For  easy  optical  access,  the  most  ideal  configuration  for  the 
research  combustor  was  a  planar  cross  section.  However,  ex¬ 
perimentally  it  is  extremely  difficult  to  establish  planar  flows 
that  are  truly  symmetric  about  the  jet  axes,  in  addition,  the 
aspect  ratio  considerations  for  a  planar  rig  resulted  in  propane 
flow  rates  that  exceeded  the  capacity  of  the  facility.  Therefore, 
an  axisymmetric  jet  arrangement  was  preferred. 

A  jet  discharging  into  a  quartz  cylindrical  working  section 
provides  an  ideal  axisymmetric  configuration,  but  poses  severe 
problems  for  optical  measurements  through  curved  glass  sur¬ 
faces.  Corrective  lens  techniques  have  been  developed  by  Dur- 
rett  et  al.  (1985).  However,  these  are  too  complex  and  immature 
for  the  advanced  laser  diagnostics  (three-dimensional  LDA  and 
CARS)  used  in  this  program.  A  box-section  combustor  with 
corner  fillets  to  reduce  vorticity  concentration  and  eliminate 
its  effect  on  the  bulk  flow  field  in  the  combustor  was  an 
attractive  alternative.  CFD  calculations  made  using  Pratt  & 
Whitney’s  3D-TEACH  computer  code  indicated,  in  agreement 
with  Brundett  and  Baines  (1964),  that  a  single,  linear  corner 
fillet  in  a  square-section  duct  reduces  the  peak  vorticity  by 
half.  Therefore,  corner  fillets  were  provided  for  the  research 
combustor. 

Figure  3  shows  a  schematic  of  the  final  agreement  for  the 
research  combustor.  It  consists  of  a  central  fuel  tube  sur¬ 
rounded  by  a  co-annular  air  jet.  This  jet  system  supplies  un¬ 
mixed  reactants  at  the  exit  to  a  dump-step  inside  the  combustor . 
The  burner  contains  the  jet  system  and  also  supports  the  com¬ 
bustor  vertically.  The  combustor  is  comprised  of  two  separate 
sections.  The  first  section  holds  windows  (quartz  or  instru¬ 
mented  metal  panels)  on  all  four  sides,  and  the  second  one  is 
a  short  extension  Inconel  chimney.  On  the  top  of  this  chimney, 
orifice  plates  of  specific  blockage  ratios  can  be  fitted. 


Comtastor  Sizing 

To  decide  step  height,  the  stability  expression  of  Ballal  and 
Lefebvre  (1979)  was  used: 

f  2.25(1  +0.4t/m[l+0.17Vi])  I016 
*  LB0-  |_p0'257'oexp(ro/150)Z>6(l-fi)J 

In  the  present  context,  B  =  (Z>/,/Dc)2,  where  Db  is  an  effective 
diameter  representing  an  orifice  plate  closed  area. 

Preliminary  estimates  made  by  assuming  df  ~  13.2  mm, 
4>  =  0.6,  and  Ua/Uf  >  1,  had  yielded  a  value  of  40  mm  for 
an  equivalent  premixed  passage  diameter  at  the  combustor 
inlet.  Equation  (1)  was  then  used  to  generate  the  parametric 
curve  of  blow-out  velocity  versus  step  height  for  this  value  of 
passage  diameter.  Figure  4  shows  plots  of  these  calculations. 
From  these  data  a  step  height  of  55  mm  was  found  appropriate 
for  <f>  =  0.6.  This  value  of  step  height  with  a  40  mm  inlet  gives 
a  combustor  diameter  of  150  mm.  This  step  will  generate  a 
symmetric  recirculation  zone  with  a  reattachment  point  plane 
that  depends  on  the  step  height,  inlet  Reynolds  number,  and 
equivalence  ratio  as  is  evident,  for  example,  in  the  work  of 
Morrison  et  al.  (1987).  Figure  5  shows  reattachment  lengths 
for  reacting  and  nonreacting  laminar  and  turbulent  flows.  For 
<j)  =  0.6  and  Re  =  104,  the  reattachment  plane  is  about  five 
step-heights  downstream  of  the  step.  To  accommodate  this 
recirculation  zone,  and  the  one  formed  due  to  flow  stagnation 
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Fig.  4  Blowout  velocity  versus  equivalence  ratio  for  various  values  of 
step  height  as  calculated  by  Ballal  and  Lefebvre  (1979)  correlation 


Fig.  5  Recirculation  zone  length  for  nonreacting  and  reacting  cylin¬ 
drical  and  planar  flows 


on  the  orifice  plate  at  exit,  a  combustor  length  2-3  times  the 
reattachment  length  is  required  to  avoid  interference  between 
the  two  zones,  i.e.,  combustor  length  =  825  mm  approxi¬ 
mately. 

Since  the  reactants  are  not  premixed  the  velocity  ratio  should 
be  high,  e.g.,  Ua/Uf  >  10,  to  provide  good  mixing.  Also,  the 
temperature  of  the  combustion  products  in  the  step  recircu¬ 
lation  zone  should  be  high  enough  to  guarantee  continuous 
ignition  of  fresh  reactants  when  the  flame  is  in  lifted  condition. 
For  propane-air  mixtures,  Sturgess  (1979)  has  shown,  and  CFD 
analysis  for  <t>  =  0.6  suggests,  that  auto-ignition  times  become 
short  and  temperatures  of  400-800  K  exist  in  the  shear  layer 
when  the  gas  temperature  at  reattachment  was  around  1000 
K.  Therefore,  recirculation  zone  rettachment  plane  gas  tem¬ 
perature  at  the  combustor  wall  should  not  be  less  than  1000 
K  for  continuous  ignition  of  a  lifted  flame. 

A  CFD  code  was  used  to  obtain  the  relationship  between 
reattachment  plane  temperature  and  the  Thring-Newby  pa¬ 
rameter,  8 ,  for  a  duct  with  sudden  expansion,  namely: 


where 


(Pf/Pa?V,/rc) 


(2) 


'  (jnf+jno) 

a/jt^  maUa)05 

P  =  (mapa  +  m  fP/)/  (ma  +  mf) 


(3) 

(4) 


Results  of  these  calculations  are  plotted  in  Fig.  6.  In  this 
figure  each  data  point  represents  a  separate  calculation  and 
the  line  drawn  through  them  serves  as  a  design  curve. 

Based  on  manipulation  of  Fig.  6  and  Eqs.  (2)-(4),  Fig.  7 
plots  the  reattachment  plane  gas  temperature  in  the  150  mm 


Fig.  6  Correlation  of  2D-PREACH  results  for  the  stagnation  tempera¬ 
ture  in  terms  of  the  Thring-Newby  criterion 


SECONDARY  ANNULAR  HEIGHT/STEP  HEIGHT.  (fg  -  rf)/<rL -  rQ) 

Fig.  7  Plots  of  reattachment  point  temperature  versus  annuiar/step 
height  ratio  for  a  150  mm  S.d.  combustor 


i.d.  combustor  versus  the  ratio  of  annular  height  to  step  height 
for  the  various  secondary  passage  radii,  rs.  The  reattachment 
temperature  has  two  asymptotes;  one  corresponding  to  choking 
in  the  air  passage,  and  the  other  due  to  choking  of  the  fuel 
passage.  For  each  r5,  the  reattachment  temperature  exhibits  a 
minimum  corresponding  to  Ua/U/  =  1.  The  left-hand  side  of 
the  plot  represents  the  strongly  recirculated  step  flames  of 
interest  for  this  combustor.  The  position  of  minimum  tem¬ 
perature  occurs  at  lower  values  of  the  abscissa  as  rs  is  decreased. 
This  may  be  explained  in  two  ways:  First,  as  rs  gets  smaller, 
the  step  height  gets  bigger  in  a  fixed  combustor  and  the  reat¬ 
tachment  plane  moves  downstream  into  the  regions  of  increas¬ 
ing  gas  temperature.  Second,  as  rs  gets  smaller  so  does  the  air 
passage  annular  height  for  a  fixed  fuel  passage.  Therefore,  the 
fuel  source  is  relatively  closer  to  the  shear  layer  associated  with 
the  recirculation  bubble  at  the  step.  Thus,  for  a  given  rate  of 
jet  expansion,  higher  temperature  gases  are  delivered  at  the 
reattachment  plane.  For  a  given  rs ,  the  annular/step  height 
ratio  is  also  changed  by  changing  the  fuel  passage  size.  Then, 
the  temperature  changes  because  the  jet  velocity  ratio  and  hence 
the  rates  of  mixing  jet  expansion,  are  also  changed.  Plots 
similar  to  Fig.  7  can  be  produced  at  every  equivalence  ratio. 
For  a  given  rst  increasing  the  equivalence  ratio  increases  the 
reattachment  temperature  at  all  velocity  ratios. 

From  Fig.  7,  geometric  relationships  may  be  found  for  spec¬ 
ified  mixing  conditions  or  specified  temperature  conditions. 
This  relationship  is  shown  in  Fig.  8  for  <f>  =  0.6,  minimum 
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Fig.  8  Relationship  between  reactant  stapply  tub©  dimensions,  miKong, 
and  stagnation  point  temperature  in  a  150-mm  Id.  combustor 


and  moderately  strong  mixing  {Ua/Uj  -  1.0  and  10.0,  re¬ 
spectively),  and  reattachment  temperatures  of  1200  K  and  1300 
K.  Figure  8  indicates  that  for  r5  =  20  mm,  the  fuel  tube  needs 
to  be  at  least  12.5  mm  radius  to  provide  the  desirable  minimum 
reattachment  plane  temperature  of  1000  K.  Allowing  for  heat 
losses  from  the  combustor,  the  fuel  tube  radius  was  increased 
to  13.5  mm.  For  this  radius,  Fig.  8  indicates  that  the  reat¬ 
tachment  plane  temperature  would  be  somewhat  over  1 100  K. 
in  this  way,  combustor  sizing  is  completed.  The  final  com¬ 
bustor  dimensions  are  given  in  Fig.  3. 

Mechanical  Oesigim 

The  combustor  frame  establishes  reference  planes  for  the 
quartz  windows.  These  reference  planes  ensure  that  windows 
on  opposite  sides  of  the  combustor  remain  flat  and  parallel  as 
the  combustor  is  moved.  Thus,  the  combustor  frame  had  to 
be  dimensionally  stable,  despite  frequent  and  extreme  thermal 
cycling.  A  thorough  heat  treatment,  for  stress  relief,  was  per¬ 
formed  on  the  combustor  frame  prior  to  final  machining.  This 
proved  to  be  effective  since  follow-up  inspection  revealed  that 
deviations  from  design  dimensions  were  less  than  0.25  mm. 

The  windows  are  spring-loaded  against  the  window  retaining 
frames  by  means  of  Inconel  corner  inserts.  These  inserts  also 
form  the  corner  Fillets  needed  to  minimize  vortex  formation. 
Inconel  was  used  because  of  its  high  melting  temperature, 
resistance  to  oxidation,  and  its  better  spring  constant  at  high 
temperature.  The  corner  insert  concept  has  several  advantages. 
The  step  discontinuity,  where  the  insert  meets  the  glass,  is  quite 
small  since  the  inserts  are  only  0.81  mm  thick.  Thus,  the  com¬ 
bustor  frame  required  less  intricate  machining.  Also,  the  win¬ 


dow  can  float  between  the  lightly  spring-loaded  inserts  and  the 
frame,  thus  permitting  its  independent  expansion  and  con¬ 
traction. 

The  windows  for  this  combustor  had  to  meet  several  design 
requirements,  such  as  a  need  to  overlap  LDA  and  CARS  beams, 
a  desire  for  cylindrical  symmetry,  the  ability  to  withstand  vi¬ 
bration  and  high  temperature,  optical  clarity  even  under  laser 
power  approaching  1  GW/cm2,  the  preclusion  of  beam  steering 
as  the  combustor  is  moved,  and  the  cost  of  high-quality  quartz 
glass. 

Quartz  windows,  while  expensive,  have  proven  to  be  quite 
durable,  exhibiting  lifetimes  on  the  order  of  hundreds  of  hours. 
The  quartz  windows  used  in  this  combustor  are  only  3.2  mm 
thick  and  this  keeps  thermal  stresses  between  inner  and  outer 
window  surfaces  to  a  minimum.  Further,  thermal  shock  to  the 
windows  was  minimized  by  devising  a  proper  light-off  pro¬ 
cedure  for  the  combustor.  Finally,  the  windows  were  designed 
such  that  they  could  easily  be  replaced,  for  example,  with 
stainless  steel  plates  equipped  with  thermocouples  and  pressure 
taps. 

Window  durability  with  the  high-power  CARS  laser  oper¬ 
ation  has  been  good  except  for  where  soot  accumulates.  A  new 
short  focal  length  lens  is  being  incorporated  in  the  CARS 
system  to  reduce  laser  power  density  incident  on  the  window 
surface  by  a  factor  of  4.  Insertion  of  plane  windows  in  the 
path  of  the  laser  beams  still  causes  the  probe  volume  of  both 
the  CARS  and  LDS  systems  to  move.  Therefore,  the  overlap 
volume  must  be  determined  after  the  windows  are  in  place. 
The  window  width  was  established  to  allow  adequate  probe 
distance  perpendicular  to  the  laser  propagation  direction,  and 
still  maintain  sufficient  cylindrical  symmetry. 

As  illustrated  in  Fig.  3,  the  shape  of  the  annular  air  passage 
is  dictated  by  the  inner  contour  of  the  combustor  step.  Early 
step  designs  exhibited  poor  flow  characteristics  because  of  too 
sudden  a  contraction.  Also,  the  fuel  tube  was  not  concentric 
with  the  step.  Eventually,  a  new  step  was  designed,  which 
produced  uniform  and  symmetric  annular  air  velocity  profiles. 

An  Inconel  extension  is  fitted  to  the  downstream  end  of  the 
research  combustor.  Prior  to  the  combustor  fabrication,  it  was 
recognized  that  the  metal  walls  of  the  extension  piece  would 
get  rather  hot.  This  Inconel  extension  provides  a  passage  with 
the  same  cross-sectional  profile  as  the  lower  portion  of  the 
combustor  and  conveys  the  combustion  products  to  the  exhaust 
hood  directly  above  the  combustor.  It  may  be  equipped  with 
either  a  top-hat  restriction  (available  in  various  sizes),  no  re¬ 
striction  at  all,  or  what  is  preferred,  a  simple  orifice  plate. 


ComfoiiBStoir  Lsght-OflF 

Several  techniques  for  igniting  the  combustor  were  tested. 
These  include: 

Lighting  at  the  exit  plane 

Lighting  through  a  6.3  mm  hole  in  the  step 

Lighting  in  recirculating  zone,  25  mm  above  the  step, 

through  a  hole  in  the  side  plane. 

Only  the  last  of  these  gave  smooth,  successful,  and  repro¬ 
ducible  ignition.  Ignition  in  the  recirculation  zone  has  been 
satisfactorily  accomplished  with  a  small  propane  torch  igniter 
attached  to  the  side  plate  fitting.  Normal  iight-off  is  accom¬ 
plished  by  first  establishing  an  airflow  of  300  SLPM,  then 
lighting  the  torch  igniter,  and  finally  admitting  about  10  SLPM 
of  fuel  in  the  combustor.  Upon  successful  ignition,  air  and 
fuel  flows  are  increased,  taking  care  to  maintain  constant  fuel/ 
air  ratio,  until  the  air  flow  reaches  about  900  SLPM.  At  this 
flow  rate,  the  flame  is  very  stable,  exhibiting  lean  blow-out  at 
<j>  ==  0.5.  The  only  major  problem  is  that  at  these  ignition 
conditions  there  is  a  tendency  for  significant  sooting  on  the 
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upper  portion  of  the  windows.  Attempts  to  initiate  combustion 
at  lower  equivalence  ratios  or  higher  initial  flow  rates  were  not 
successful.  After  a  light-off  is  successful,  the  torch  ignitor  is 
removed  and  the  fitting  is  capped. 

Combustion  Characteristics 

Before  performing  combustion  tests,  acoustic  characteristics 
of  this  research  combustor  were  investigated  because  it  was 
feared  that  eddy-shedding  off  the  step  might  result  in  satisfying 
the  Rayleigh  criterion,  and  this  may  set  up  resonance  in  the 
combustor  and  fuel  supply  tube.  A  breadboard  version  of  the 
combustor  was  tested  and  it  revealed  noisy  combustion  and 
flame  flicker.  Also,  mechanical  vibrations  shortened  the  win¬ 
dow  life.  Therefore,  and  after  some  development  work,  a  “sonic 
disruptor”  (see  Fig.  3,  inset),  which  can  pass  LDA  seed  par¬ 
ticles  but  is  acoustically  closed,  was  introduced  into  the  fuel 
tube.  This  device  and  the  redesign  of  the  annular  air  passage 
reduced  pressure  fluctuations  in  the  combustor  significantly. 
These  developments  are  fully  described  by  Heneghan  et  al. 
(1989). 

Combustion  tests  revealed  that  the  combustor  operates  as 
designed,  with  the  reactants  being  ignited  in  the  shear  layer 
formed  between  the  fuel  and  air  jets.  The  shear  layer  flame 
appears  removed  from  the  confluence  of  the  jets.  In  agreement 
with  results  shown  in  Figs.  6  and  7,  reattachment  point  tem¬ 
peratures  around  1000  K  were  obtained  from  the  measurements 
of  combustor  wall  temperatures.  Also,  in  Fig.  5,  we  show 
measurements  of  flame  recirculation  zone  length  for  Re  = 
20,000,  <t>  =  0.87,  and  isothermal  recirculation  zone  length  for 
Re  =  110,000  obtained  by  using  an  LDA  instrument.  These 
values  are  consistent  with  other  isothermal  and  combusting 
flow  data  from  the  literature. 

Figure  9  illustrates  the  sequence  of  events  leading  to  lean 
blow-out  in  our  research  combustor  for  a  variety  of  Reynolds 
numbers  (based  on  fuel  and  air  flows)  and  air  loading  param¬ 
eters.  As  the  overall  equivalence  ratio  is  reduced  below  unity, 
the  luminosity  of  the  recirculation  zone  vanishes  and  the  shear- 
layer  attached  flame  moves  farther  downstream  into  the  com¬ 
bustor  in  a  characteristic  lifted  flame  position  and  form.  Con¬ 
tinuing  reduction  in  the  equivalence  ratio  produces  an  onset 
of  flow  instability  in  the  lifted  flame,  increase  in  the  amplitude 
of  the  instability,  onset  of  intermittency,  severe  intermittency, 
and  finally,  an  onset  of  strong  axial  flame  instability.  At  this 
point,  a  slight  increase  in  equivalence  ratio  results  in  an  at¬ 
tached  flame,  while  a  slight  decrease  produces  a  lean  blow¬ 
out.  Provided  the  air  jet  is  always  turbulent  and  the  velocity 
ratio  ua/uj  is  sufficiently  large,  the  above  sequence  of  events 
was  the  same  whether  equivalence  ratio  is  decreased  by  re¬ 
ducing  fuel  flow  rate  or  by  increasing  air  flow  rate.  This  se¬ 
quence  of  events  leading  to  flame-out  clearly  highlights  the 
complexity  of  the  lean  blow-out  mechanism  in  a  modern  an¬ 
nular  gas  turbine  combustor. 

Figure  10  shows  the  LBO  performance  of  our  research  com¬ 
bustor.  It  appears  that  the  combustion  characteristics  of  our 
research  combustion  are  more  similar  to  those  of  well-stirred 
reactors  than  those  of  the  practical  combustor  designs  of  the 
past.  Since  high-performance  annular  combustors  of  the  future 
will  approach  the  combustion  characteristics  of  the  well-stirred 
reactors,  it  is  reasonable  to  conclude  that  our  research  com¬ 
bustor  correctly  reproduces  the  LBO  processes  of  a  real  gas 
turbine  combustor. 


Conclusions 

A  research  combustor  that  simulates  the  “inside-out”  re¬ 
circulation  pattern  and  LBO  processes  of  a  modern  annular 
aircraft  gas  turbine  combustor  was  designed  and  fabricated. 
This  was  accomplished  using  CFD-generated  design  curves  and 
data  available  in  the  literature. 
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Fig.  10  Lean  Blow-out  (LBO)  performance  of  the  research  combustor 


It  was  found  that  the  existing  test  facility,  optics  capabilities, 
and  limit  on  fuel  flow  rate  due  to  safety  considerations  imposed 
dimensional  constraints  on  combustor  length  and  shape.  The 
requirement  of  simple  inlet  boundary  conditions  and  two-di¬ 
mensional  flow  field  for  CFD  codes  made  it  undesirable  to  use 
swirl  for  improved  mixing  and  reduced  flame  length.  Peak 
flame  temperatures  of  1700  K  inside  the  combustor  were  dic¬ 
tated  by  the  temperature  limit  of  fused  quartz. 

An  axisymmetric  arrangement  of  fuel  and  air  jets,  27  mm 
and  40  mm  diameter,  respectively,  dumping  unmixed  reactanu 
at  a  55  mm  wide  step,  emerged  as  the  final  preferred  config 
uration  of  this  combustor.  The  combustor  is  735  mm  long, 
has  150  mm  square  cross  section  with  rounded  corner  Filleb 
of  84  mm  radius,  and  is  fitted  with  an  Inconel  extension  chim 
ney  with  an  orifice  plate  as  its  exit. 

It  was  found  that  the  combustor  operates  in  a  stable  anc 
predictable  manner  over  a  range  of  loadings.  Measurement 
revealed  a  complex  sequence  of  events  such  as  flame  lift-off 
intermittency,  and  onset  of  axial  flame  instability  eventually 
leading  to  lean  blow-out.  Also,  the  LBO  performance  of  th< 
research  combustor  was  similar  to  that  of  well-stirred  reactor 
These  tests  confirmed  the  soundness  of  the  combustor  desigi 
for  the  intended  purpose.  This  combustor  is  now  making  pos 
sible  acquisition  of  more  benchmark  quality  data  on  LBO. 
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Re  =  ReynoMs  number 

St  =  SErouha!  number 

U  -  mean  velocity  (a-air,  f-fuel,  j-jet) 

V  -  combustor  volume 

v  =  volume  flow  rate  (a-ak,  f-fuel) 

x  =  aidal  distance 

0  =  equivalence  ratio 
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simulates  those  essential  features  of  its  flowfield  that  control 
flame  stability  and  lean  blowout  This  combustor  is 
geometrically  simple  for  ease  of  experimentation  and 
computation,  and  provides  adequate  optical  access  for 
nonintrusive  measurements.  Its  configuration  and  dimensions 
represent  a  series  of  compromises  between  different  design 
criteria. 


Fig.  1:  Flow  patterns  in  a  modern  annular  combustor 
showing  swhH  and  redrcuBation  dominating  the  "i&isiid©° 
out”  primary  zone. 

This  paper  describes  three  design  stages  in  the 
development  of  the  research  step  combustor.  Acoustic 
analyses  of  the  combustor  prior  to  its  manufacture  were  made 
using  the  lumped  impedance-admittance  techniques  of  Putnam 
[2]  and  also  by  the  MSC/NASTRAN  finite  element  code. 
These  analyses  suggested  potentially  strong  acoustic  coupling 
between  the  combustor,  fuel  tube,  and  the  step.  Acoustic 
characteristics  of  each  design  configuration  were  measured 
and  improved  upon  (decoupled)  in  the  subsequent  design  stage 
until  a  final  design  of  the  research  combustor  emerged  that 
was  relatively  free  of  acoustic  coupling  effects.  Experimental 
measurements  of  acoustic  pressure  fluctuations,  lean  blowout, 
and  visual  observations  of  the  flame  behavior  are  reported. 

2.  Research  Step  Combustor 

Configurations:  Figures  2a -c  show  three  configurations  of 
the  research  combustor,  three  step  designs,  and  a  schematic 
diagram  of  the  vertical  wind  tunnel  which  supplies  react ants  to 
the  combustor.  Common  to  all  the  combustor  configurations 
is  an  arrangement  of  coannular  air  (40  mm  O.  D.)  and  fuel  (27 
mm  I.  D.)  jets  that  feed  air  and  gaseous  propane  to  a  55-mm- 
wide  sudden  expansion  step.  The  step  establishes  a 
recirculation  zone  which  increases  residence  time,  recycles  hot 
combustion  products,  and  thus  provides  a  source  of  continuous 
ignition  for  the  incoming  cold  reactants.  In  this  manner,  a 
flame  is  stabilized  in  the  research  combustor.  The  combustor 
is  475  mm  long,  150  mm  square  cross  section  with  rounded 
comer  fillets  of  84  mm  radius,  and  has  glass  windows  on  all 
four  sides  for  optical  access.  On  the  top  of  this  combustor  sits 
an  inconel  chimney  extension,  of  either  508  mm  or  260  mm 
length.  The  chimney  may  be  fitted,  at  its  exit,  either  with  a  top 
hat  (Fig.  2a)  or  with  an  orifice  plate  (Fig.  2c)  of  different 
blockage  ratios.  This  outlet  restriction  exerts  a  specific 
amount  of  back  pressure  for  stabilizing  the  confined  flame. 

As  illustrated  in  Fig.  2a,  the  research  combustor  is 
bolted  to  a  150  mm  I.  D.,  200  mm  long  tube  with  a  bellmouth 
annular  inlet  that  supports  the  step.  This  tube  is  mounted  on 
top  of  a  vertical  wind  tunnel  that  supplies  reactants  to  the 
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Fig.  2%  Varicms  consigns  rations  of  the  combaas  tor,  step?  ©SBd 
vertical  wind  tunnel:  (a)  eomb&isfcor  conflgisrstB©^ 
comfees&tor,  (b)  combtastor  configuration  U-$fe©rf 

cosmbisstor,  (c)  combsss&or  configisrstBon  HMsi&l 

(optimized)  combustor. 

research  combustor.  Figure  2b  shows  the  research  combustor 
with  its  plan  view  and  a  short  inlet  step.  In  Fig.  2c,  the 
combustor  is  fitted  with  a  short  extension,  an  orifice  plate,  and 
a  step  having  a  smooth  convergent  inlet 

Figures  3a-b  illustrate  the  influence  of  outlet 
configuration  on  the  static  pressure  distribution  along  the 
combustor  wall.  Both  these  figures  show  plots  of  AP  =  (P 
P)  vs.  downstream  distance.  It  is  evident  from  Fig.  3b&fit 
outlet  blockage  causes  atmospheric  pressure  to  be  atminsd 
well  inside  the  combustor  due  to  the  vena  consracta  formed  in 
the  outlet  restrictor.  This  terminates  the  combustion  process 
and  also  defines  the  exit  boundary  condition  for  CFD 
calculations. 

In  general,  combustion  in  any  of  the  above  combustor 
configurations  can  exhibit  sensitivity  to  various  physical 
processes  such  as: 

(1)  Transition  from  laminar  to  turbulent  flow  doe  to  variation 
in  throughput  rate  of  reactants; 

(2)  Flame  shifts  due  to  pressure  gradients  created  by  step  size, 
combustor  length,  outlet  configuration,  and  stoichiometry; 
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(3)  Acoustic  coupling  that  depends  upon  disturbances  in  die 
inlet  sureaym.  combustor  length,  kties/outlet  configuration, 
operating  conditions,  and  flame  type  and  location; 

(4)  Opposing  effects  of  combustor  back-pressure  and  acoustic 
resonance  in  the  combustor; 

(5)  Opposing  effects  of  chemical  reaction-rate  control  and 
mixing-rate  limit  for  a  non-premixed  flame. 

Fmt  Work:  A  good  deal  of  research  has  been  performed  on 
the  acoustic  waves  created  by  combustion  in  long  pipes, 
multiple-port  burners,  residential  heating  units,  and  oil  fired 
furnaces.  This  \votk  is  summarized  by  Pumam  [2]  and  others 
[3-6].  Some  of  these  instabilities  can  be  predicted  reasonably 
well  by  the  Rayleigh  criteria  [2].  In  contrast,  practical 
combustors,  some  research  combustors  such  as  the  one  under 
investigation,  and  afterburners  have  complex  flowrields  with 
recirculation  zones  and  swirl,  elaborate  fueling  arrangements, 
and  cross  sections  of  varying  shapes.  The  acoustics  of  these 
devices  is  unique  and  depends  upon  flow  pattern,  equivalence 
ratio,  and  hardware  configuration.  Research  in  this  area  is  of 
relatively  recent  ongin  [7-10]  and  leads  to  a  conclusion  that 
significant  differences  in  acoustic  characteristics  are  realized 
with  even  minor  changes  in  combustor  configuration. 
Therefore,  a  combination  of  careful  experimentation  and 
phenomenological  analyses  was  used  to  investigate  the 
acoustic  characteristics  and  then  eliminate  acoustic  coupling  in 
our  research  step  combustor. 


3„  Acoustic  Characteristics 

Espsns^esBtaE  Setaap:  XesE  were  made  of  the  various  research 
combustor  configurations  shown  in  Fig.  2.  Gaseous  propane 
and  methane  were  used  as  fuels.  Ignition  was  accomplished 
by  means  of  a  removable  propane  torch  which  protruded 
through  a  hole  drilled  in  one  wall  of  the  combustor.  A  steady 
continuous  blue  flame  filling  the  combustor  indicated  good 
combustion  stability  and  relative  freedom  from  acoustic 
coupling.  The  fuel  burned  in  the  reacting  mixing  layer  (see 
Fig.  2c)  to  which  the  step  recirculation  zone  fed  hot  products 
of  combustion.  For  methane,  flame  could  not  be  stabilized, 
even  with  complete  tunnel  length  and  a  large  outlet  blockage. 
Acoustic  frequency  spectra  were  measured  using  a 
microphone  md  Kistier  pressure  transducers  (Model  211  B5 
series).  These  pressure  signals  were  fed  into  a  dual-channel 
FFT  Spectrom  Analyzer  (Nicolet  Model  669)  the  output  of 
which  was  connected  to  a  chart  recorder  (Hewleu-Packard 
Model  HP  7035B).  Acoustic  spectra  were  recorded  for  several 
combinations  of  combustor  inlet  conditions,  step  and  fuel  tube 
designs,  combustor  lengths  (475-983  mm)9  outlet  restrictions 
(top-hats  or  orifice  plates  with  B  =  0-^2%),  and  fuel  and  air 
H©|y  rates  given  by  Re^=  23-103  x  10  and  Re.=  0.37-1.46  x 
10  respectively. 


Acoustic  Characteristics:  As  seen  in  Fig.  2,  the  research 
combustor-wind  tunnel  combination  has  a  very  complex 
geometry.  Moreover,  at  an  early  stage,  it  was  recognized  that 
any  air  and  fuel  flow  fluctuations  produced  within  the  wind 
tunnel  itself  would  be  amplified  by  the  combustion  process 
confined  by  the  combustor.  Initially,  the  wind  tunnel  shown  in 
Fig.  2a  was  being  supplied  with  a  25-mm-dia.  line  dumping  air 
into  a  100-mm-dia.  U-shaped  inlet  Two  pressure  transducers, 
one  mounted  in  the  wind  tunnel  air  inlet,  and  the  other  at  its 
exit,  revealed  the  acoustic  spectra  shown  in  Fig.  4.  The 
frequency  peaks  of  260,  390,  660,  and  837  Hz  were  present  in 
the  wind  tunnel  (Fig.  4a).  The  amplitude  of  these  peaks 
increased  with  an  increase  in  airflow  rate.  When  the  research 
combustor  configuration  I  was  mounted  on  the  top  of  this 
wind  tunnel,  additional  frequency  peak  at  55  Hz  appeared  in 
the  acoustic  spectra  (Fig.  4b).  As  will  be  explained  later,  this 
frequency  is  associated  with  the  eddy-shedding  frequency 
inside  the  combustor. 

Acoustic  Sources  and  Modifications:  The  acoustic  fluctuations 
in  the  wind  tunnel  were  traced  to  three  sources,  namely  (i) 
sudden  expansion  of  the  airflow  from  the  25-mm-dia.  flexible 
hose  to  the  100-mm-dia.  U-shaped  inlet  produced  extensive 
and  periodic  flow  vortices,  (ii)  vortex  shedding  at  the  bell- 
mouthed  entrance  of  the  step,  (iii)  a  short  aggressive  diffuser 
(area  ratio  =  2.172,  included  angle  =  15°  )  which  is  not 
uniformly  filled  with  the  airflow  at  its  entrance. 

To  significantly  reduce,  if  not  to  totally  eliminate,  these 
acoustic  fluctuations,  the  following  design  modifications  to  the 
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(a)  Wind  tunnel  only  (v  =  11 00  LPM),  (b)  Wind  tunnel  * 
Combustor  configuration  I  +  Outlet  top-hat  (B  =  0.45)  at 

v  =  3200  LPM,  (c)  Modified  wind  tunnel  (v  =  3200  LPM) 
a  a 

wind  tunnel  were  made.  First,  the  25-mm-dia.  flexible  air 
supply  hose  was  replaced  by  a  7-m-long»  IGO-mm-dia.  pipe. 
This  pipe  was  connected  to  a  newly  designed  90  e  air  inlet 
section  sketched  in  Fig.  2c.  This  modification  eliminated  any 
sudden  flow  expansion  and  periodic  vortex  shedding.  Second 
the  step  intake  length  was  shortened  as  shown  in  Fig.  2b  to 
trap  the  toroidal  shed  vortex  into  a  dead  space  just  upstream  of 
the  combustor.  Finally,  an  additional  set  of  honeycombs  and  a 
flow  straightening  screen  were  added,  just  at  the  entrance  to 
the  short  diffuser  to  improve  the  inlet  airflow  distribution. 
Figure  4c  shows  the  acoustic  characteristics  of  this  modified 
wind  tunnel.  It  can  be  seen  that  all  frequencies,  except  the 
lowest  one  (260  Hz),  have  been  eliminated. 

As  for  the  acoustic  peak  at  260  Hz,  the  following 
explanation  is  offered:  vortex  shedding  off  an  obstacle  (of  the 
type  presented  by  the  bell-mouthed  step  entrance)  usually  has 
a  Strouhal  number,  St  =  f  d/U  in  the  range  0.2  to  0.4.  For  an 
annulus  air  velocity  of  35  r n/s  and  the  bell-mouth  step  width  of 
25.4  mm,  vortex  shedding  frequencies  fall  in  the  range  177- 
354  Hz,  or  a  mean  value  of  265  Hz  represents  the  vortex 
shedding  frequency  of  eddies  shed  off  the  entrance  obstacle.  It 
was  recognized  that  this  frequency  was  sufficiently  low  to 
interfere  with  the  acoustic  characteristics  of  our  combustor. 
Therefore,  and  as  shown  in  Fig.  2c,  a  new  step  was  designed 
to  eliminate  the  trapped  vortex.  Acoustic  characteristics 
measured  with  the  new  step  in  place  are  plotted  in  Fig.  4c. 
These  show  an  absence  of  any  peak  at  260  Hz.  Finally,  this 
new  and  modified  wind  tunnel  was  employed  in  the  acoustic 
characterization  of  the  following  three  combustor 
configurations. 


Acoustic  Characteristics -Combustor  Configuration  I:  Tests 
were  performed  on  the  research  step  combustor-configuration 
I  shown  in  Fig.  2a.  Acoustic  frequency  spectra  were  recorded 
for  many  combustor  design  and  operating  variables,  such  as 
different  fuel  and  air  velocities,  fuel  tube  diameters,  extension 
chimney  lengths,  and  outlet  blockage.  When  the  flame  was 
stabilized  in  the  shear  layer  close  to  the  fuel  tube  exit, 
combustion-generated  noise  increased  dramatically.  An 
oscillatory  mode  of  burning  was  also  observed  in  the  vicinity 
of  lean  blowout  (LBO).  This  oscillatory  cycle  comprised 
flame  extinction  in  the  shear  layer,  downstream  re-ignition, 
flashback,  shear  layer  burning,  shear  layer  extinction,  and  so 
on.  In  the  results  plotted  in  Fig.  5,  dominant  frequencies 
around  55  Hz,  170  Hz,  390  Hz,  and  850  Hz  were  observed. 


Fig.  5:  Acoustic  characteristics  of  the  research  step 
combustor  configuration  I  at  v  =  MKM)  LPM:  (a)  Top-hat 
outlet  (B  =  0.45),  (b)  Orifice  piafe  outlet  (B  =  0.45). 


Acoustic  Sources  and  Modifications:  As  described  below,  the 
frequency  peaks  noted  in  Fig.  5  correspond  to  eddy-shedding 
off  the  step,  fundamental  quarter-wave  longitudinal  acoustic 
mode  for  the  combustor,  and  the  two  frequencies  originating 
in  the  vertical  wind  tunnel.  These  latter  frequencies  coincide 
with  the  calculated  organ -pipe  harmonics  of  the  55  Hz 
frequency.  Thus,  the  combustor- wind  tunnel  system  was 
closely  coupled  and  the  Rayleigh  criterion  was  being  satisfied 
so  that  the  oscillations  were  driven  [2).  This  meant  that  even 
the  frequencies  of  390  Hz  and  837  Hz,  well  suppressed  by  the 
wind  tunnel  design  modifications,  were  slightly  augmented  by 
the  combustion  process.  To  decrease  the  magnitude  of  all  the 
observed  acoustic  fluctuations,  various  alternatives  were 
considered,  such  as  switching  air  and  fuel  flow  lines  and 
designing  a  tri-jet  system.  However,  it  was  concluded  that  the 
acoustic  isolation  of  the  fuel  tube  from  the  combustor  was  the 
single  best  modification  that  would  drastically  attenuate  noise 
and  decrease  acoustic  coupling.  Some  experimental  evidence 
that  such  a  modification  would  work  was  available  in  the  work 
of  Whitelaw  and  coworkers  [7-9].  These  workers  found 
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timt  by  locating  m  orifice  close  to  the  pressure  node,  i n  the 
upsseam  duet,  a  bom  one  quarter  of  the  wavelength  from  the 
dump  plane,  radiated  sound  intensity  decreased  by  around  10 
dB.  Thus,  at  became  clear  that  our  modification  should  ® 
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higher  frequencies,  amesponding  m  the  fequency  of  the 
quarter-wave  mode  for  the  new  effective  inlet  length,  (Mi)  add 
pressure  drop  to  the  fuel  system  to  damp  the  acoustic  over¬ 
pressure  propagating  from  the  combustor. 

Various  acoustic  isolation  schemes  such  as  plugging  the 
fuel  tube  with  steel  wool  and/or  ball  (BE)  shot  were  tried. 
Although  these  damped  the  acoustic  fluctuations  satisfactorily, 
they  would  not  pass  LDA  seed  parades  through  the  tubs. 
Finally,  a  perforated  conical  cap  was  designed  as  shown  in 
Fig.  6,  and  fitted  inside  the  fuel  tube  about  125  mm  upstream 
of  its  exit  This  device  was  very  successful  m  acoustically 
decoupling  the  fuel  tube  from  the  vonex  shedding  frequency 


gtxmB  . 


jjitj 


is  requires  ror  me  raea  mow  i%>  wsvoiwj/  <a  vWC^»v 

profile  prior  to  issuing  out  into  the  combustor. 
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Further  tests,  with  the  above  modifications  in  place,  still 
produced  disappointingly  loud  acoustic  resonance  resembling 
the  classic  gas  turbine  combustor  nmble.  Also,  the  noise 
level  increased  with  an  increase  in  the  reactant  mass  flow 
through  the  combustor,  and  as  LBO  was  approached 
Moreover,  it  visibly  affected  the  flame  lift  and  stability. 
Cylindrical  combustors  with  long  aspect  ratios  (L/B  >  3)  are 
generally  known  to  be  strongly  susceptible  to  classic  organ- 
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Sivasegaram,  et  al.  [a]  have  observed  rough  combustion  and 
low-frequency  oscillations  around  55  Hz.  For  combustors 
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The  effects  of  large-scale  eddy  shedding  and  the 
acoustic-vortex  interactions  produced  in  Ramjet-type  dump 
combustors  are  further  elucidated  by  Kailasanath  et  al.  [  12, 13] 
and  Schadow  et  &L[14].  In  their  earlier  work,  Kailasanath  et 


acoustics  of  both  the  inlet  and  the  combustor  are  coupled.  A 
low-fequency  oscillation  of  150  Hz,  corresponding  to  the 
quarter-wave  mode  in  the  inlet,  is  observed  and  changing  the 
Met  length  changes  this  frequency.  The  merging  patterns  of 
the  large-scale  shed  vortices  are  modified  significantly  [13. 
14]  when  either  the  combustor  acoustic  mode  or  the  inlet 
anode  is  changed 

For  the  combustor  configuration  I  under  study  here, 
small  ak  annulus  passage  and  acoustic  isolation  of  the  fuel 
tube  suggest  that  effectively  the  combustor  dome  region  is 
acoustically  dosed.  Depending  upon  the  exit  blockage,  the 
combustor  exit  would  be  either  acoustically  open  or  closed. 
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There  is  an  ajdditional  non-stationary  process  present  u 
the  combustor,  and  that  is  the  eddy-shedding  off  the  step.  Fo 
a  Strouhal  number  in  the  range,  St  =  £0-0.4,  and  assuminj 
that  the  characteristic  velocity  is  equal  to  the  velocity  of  je 
shear  layer  (or  annulus  air  velocity)  we  obtain  the  calculate 
range  of  eddy  shedding  frequency  as  40-90  Hz.  In  genera] 
and  as  shown  in  Fig.  5,  increasing  the  fuel  flow  (or  combusto 
heat  release)  pushed  the  shedding  frequency  higher  (up  to  T 
Hz)  and  also  increased  its  amplitude.  At  high  airflow  rate 
(above  2000  LPM)  and  with  large  outlet  blockage  (>  45% 
shedding  frequency  was  as  high  as  90  Hz.  Without  or  with  to 
hats  (B  as  45%),  the  observed  shedding  frequency  was  in  th 
range  45-63  Hz,  i.  e.,  the  mean  observed  value  was  close  to  5 
Hz.  In  contrast  to  the  observations  of  Kailasnath  et  al.  [12 
coupling  between  shedding  frequency  and  the  quarter-wav 
frequency  did  not  occur  in  our  combustor. 


Acoustic  Characteristics -Combustor  Configuration  I!:  T 
eliminate  these  resonances,  we  performed  tests  with  a  sho 
(L/D  <  3)  configuration  II  combustor  as  sketched  in  Figure  21 
These  tests  were  with  $  =  0.76,  Re  =  24,827,  Re.  =  6,027  an 
U  /U.  =  26.2.  It  was  observed  At  peaks  in  A  frequenc 


combustor.  For  both  the  combustors  I  and  n,  amplitude  of 
low  frequency  peaks  sharply  at  the  45%  outlet  blockage 
condition.  Now,  since  any  resonance  is  destabilizing,  it  was 
expected  that  the  shorter  combustor  (configuration  II)  would 
exhibit  better  stability  than  the  longer  combustor 
(configuration  I)  and  LBO’s  would  be  clear  and  consistent  In 
practice,  while  the  latter  observation  is  found  to  be  valid,  the 
results  of  Fig.  7  show  stability  trends  opposite  to  what  was 
expected.  A  main  reason  is  that  the  configuration  II 
combustor  was  too  short  to  contain  the  flame  for  equivalence 
ratios  greater  than  lean  blowout,  and  considerable  back 
pressure  was  required  to  sustain  burning  in  the  combustor. 
Both  Sivasegaram  and  Whitelaw  [7]  and  Sivasegaram  et  al.  [8] 
make  similar  observations  with  regard  to  flame  holding  in  a 
short  combustor  (L/D  <  2).  For  this  reason,  combustor 
configuration  III  of  Fig.  2c  was  finally  examined. 


Fig.  7:  Combustion  stability  (as  measured  by  4>  vs,  B)  of 
combustor  configurations  I  and  11  in  the  near-turbulent 
flow  regime  (Re^  23,000).  Note  that  m/VP3  (U  -UVU)  =  0.8 
configuration  I  and  =  1.6  for  configuration  IL  3 

Acoustic  Characteristics-Combustor  Configuration  III:  In  all 
the  tests,  we  observed  that  this  combustor  configuration 
operated  at  significantly  reduced  noise  levels  and  exhibited 
much  steadier  combustion.  As  seen  in  Fig.  8a,  acoustic 
spectra  showed  that  the  quarter-wave  longitudinal  mode 
frequency  increases  from  190  Hz  to  222  Hz  as  the  fuel  flow  is 
increased  above  its  value  for  the  LBO.  These  observations 
essentially  remained  valid  even  when  the  airflow  was 
increased  and  when  the  shorter  extension  chimney  was  fitted 
with  different  outlet  blockage  (see  Fig.  9).  Figure  8b  shows  a 
comparison  between  the  acoustic  characteristics  of  combustor 
configurations  I  and  III.  It  is  observed  that  for  combustor 
configuration  III,  peaks  in  the  acoustic  spectra  exist  at 
significantly  higher  frequencies,  well  above  the  eddy  shedding 
frequency.  This  acoustic  decoupling  greatly  attenuates  the  low* 
frequency  rumble  in  this  combustor  configuration  HI. 
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Moreover,  for  airflow  rates  all  the  way  up  to  7,000  LPM, 
combustor  configuration  HI  maintained  a  marked  reduction  m 
acoustic  output  at  the  step  shedding  frequency.  Therefore,  this 
configuration  was  adopted  for  further  studies  on  the  choice  of 
a  suitable  combustor  outlet  configuration. 


Fig.  8:  Acoustic  characteristics  of  the  research  step 

combustor  configuration  lU  with  an  orifice  plate  outlet  (B 

=  0.45):  (a)  Effect  of  increasing  the  fuel  flow  rate  at  v  = 

2000  LPM,  (b)  Comparison  of  combustor  configuration  I 

and  III  at  v  =  1500  LPM. 
a 

Outlet  Configuration:  In  deciding  the  optimum  combustor 
outlet  configuration,  whether  fully  open,  orifice  plate,  or  short 
top-hat,  the  following  four  positive  and  three  negative 
considerations  come  into  play: 

(1)  back  pressure  stabilizing  the  flow  in  the  step  recirculation 
zone, 

(2)  oudet  restriction  accelerates  the  flow  and  terminates  the 
chemical  reactions  for  fuel-lean  mixtures, 

(3)  top-hat  configuration  imposes  the  zero  streamline  gradient 
exit  boundary  condition  for  CFD  calculation, 

(4)  the  top-hat  behaves  as  a  high  impedance  to  low-frequency 
pressure  changes, 

(5)  outlet  restriction  necessitates  additional  combustor  length 
to  prevent  the  exit  streamline  curvature  from  influencing 
the  step  recirculation  zone, 

(6)  outlet  restriction  produces  acoustically  closed  exit 
boundary. 


mmi '  resmcaon  provides  a  not,  pot&num  source  o i  Figure  10  illustrates  the  LBO  vs.  air  loading  parameter 

reignition  at  LBO.  (ALP)  characteristics  of  this  combustor.  These  values  of  LBO 

are  in  genets!  agreement  with  experimental  data  from  other 
The  combustor  was  ma  with  tee  outlet  configurations:  well-stirred  reactors  f  1].  Also,  they  are  lower  to  the  LBO 


0.45  mta  UD  =  l  and  2.1),  The  following  observations  were 


In  general,  the  top  Smts  resulted  in  noisier  combustion 


frequency  spectrum  than  the  top-hat  outlet,  (ii)  for  an  orifice 


found  at  a  higher  frequency  than  for  a  top-hat  ( 140  Bz  and  5 15 
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Given  the  propensity  of  the  top-hat  restrictors  to  produce 
rge  acoustic  fluctuations  with  sprang  peaks,  and  the 
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acousuc  coupling  was  amvea  el 

4.  Combtsster  PerfosroaBiiee 

Least  Blowout:  The  research  combustor  was  designed  to  study 
LBO  and  other  combustion  processes  such  as  attached  flame, 
lifted  flame,  and  Large-scale  axial  instability  eventually  leading 


series  of  measurements  of  LBO,  wall  static  pressure 
distribution,  and  wall  temperature  distribution  were  made.  A 
wide  range  of  fuel  and  air  flows  froy  semi-laminar  to  fully 
turbulent  regime  (Re  -  2.5-10.5  x  10  ,  and  Re.*  0.37-1.46  x 
10  )  were  investigated.  * 


the  step.  This  so  called  "attached  flame"  region  is  realised  in 
our  combustor  for  or  above  stoichiometric  overall  equivalence 
ratios.  Also,  the  flame  attachment  is  found  to  be  very  sensitive 
to  acoustic  fluctuations.  An  intense  blue  annular  flame,  in 
contact  with  the  attached  flame  and  anchored  by  it,  appears  in 
the  jet  shear  layer  region.  The  resultant  flame  structure  has  the 
appearance  of  an  inverted  "classic  coke  bottle"  shape  and  is 


fuel  and  air  jets.  As  the  overall  equivalence  ratio  falls  below 
0.9,  the  lifted  shear  flams  develops,  severe  intennittency, 
becomes  ragged  in  appearance,  and  resembles  a  typical 
"turbulent  flame  brash.”  Below  $  =  0.65,  large-scale, 
oscillatory  axial  movement  of  the  flame  begins  and  this 


eventually  leads  to  LBO.  Finally,  as  the  ALP  is  increased,  it  is 
seen  that  the  limits  of  each  region  arc  narrowed,  each  region 
intrudes  sharply  into  the  adjacent  region,  and  eventually  LBO 
occurs  almost  instantaneously. 
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Fig.  12:  Effect  of  outlet  blockage,  B  on  equivalence  rati® 
for  flame  Sift:  (a)  Orifice  plate  blockage,  (b)  Influence  of 
top-hat  aspect  ratio. 


The  flame  characteristics  shown  in  Fig.  1 1  are 
influenced  by  the  oudet  blockage  and  the  type  of  this 
blockage.  For  example,  Fig.  12  compares  equivalence  ratios 
at  flame  lift  for  orifice  blockage  and  for  top-hat  L/D  at  fixed 
blockage.  These  results  show  that  the  45%  blockage  top-hat 
with  a  L/D  =  2.1 1  and  a  60%  blockage  orifice  plate  have  the 
same  Figure  13  shows  the  effect  of  orifice  blockage  on 
the  equivalence  ratio  for  the  onset  of  large-scale  axial 
movements  of  the  flame  that  are  an  immediate  precursor  to 
blowout.  A  comparison  between  the  data  plotted  in  Figs.  12 
and  13  shows  the  stabilizing  effect  of  back  pressure  on 
combustion  (low  6  )  and  the  destabilizing  effect  of  increased 


acoustic  activity  (high  $axjaj)- 


5.  Concluding  Remarks 


In  this  paper,  we  explored  three  combustor 
configurations  and  found  influences  of  combustor  upstream 
conditions,  combustor  geometry,  combustor  outlet  blockage, 
and,  to  a  minor  extent,  fuel/air  flow  conditions,  on  the  acoustic 
characteristics  of  a  research  combustor.  Broad  similarities  to 
the  observations  of  other  researchers  [7,  10,  13,  14]  were 
noted,  and  at  the  same  time  acoustic  characteristics  unique  to 
our  research  step  combustor  were  highlighted  Since  thk 


Fig.  13:  Influence  of  orifice  pla£@  outlet  blockage,  B  on  toe 
equivalence  mti©  for  the  onset  of  ssisl  instability  In  toe 

lifted  flame. 


research  combustor  simulates  certain  features  of  a  practical 
gas  turbine  combustor,  similar  effects  are  likely  to  be  present 
in  practical  combustors  to  a  varying  degree.  This  is  especially 
disconcerting  because  the  provision  of  steady  combustion  and 
freedom  from  acoustic  coupling  are  the  two  main  requirements 
of  a  good  combustor  design,  be  it  a  swirl  combustor  [7],  a 
bluff  body  combustor  [8],  or  a  ramjet  combustor  [10]. 

We  noted  that  both  the  fuel  supply  and  the  air  supply 
had  to  be  acoustically  isolated  from  the  main  combustion 
process  to  significantly  decrease  acoustic  coupling,  in  a 
modem  annular  gas  turbine  combustor,  air  swirl  vanes  and 
fuel  metering  inside  the  fuel  injector  provide  the  necessary 
acoustic  isolation.  However,  and  unless  the  air  supply  is 
sonically  isolated  from  the  combustion  zone,  combustor 
rumble  or  screech  may  be  produced  Generally,  the  pressure 
drop  across  the  combustor  liner  is  low  enough  that  the  air 
boundaries  for  inflow  are  acoustically  soft  so  that  resonances 
can  occur.  Next,  the  aspect  ratio  (L/D)  of  the  practical 
combustor  should  be  well  below  5  to  prevent  the  generation  of 
acoustic  standing  waves  and  quarter- wave  longitudinal  type 
resonances.  While,  the  modem  annular  gas  turbine  combustor 
falls  well  within  a  safe  range  of  aspect  ratio,  some  types  of  the 
newer  dual-stage  combustors  for  low  exhaust  emissions  may 
be  approaching  the  upper  limit  of  the  safety  criteria.  Finally, 
most  practical  combustors  provide  sufficient  back  pressure  to 
main  a  stable  flame  in  the  combustor.  This  is  achieved  by 
blocking  the  outlet  via  a  smooth  exit  contraction  or  a  turbine 
nozzle  stator  guide  vane.  All  these  design  features  contribute 
to  producing  favorable  acoustic  characteristics  for  the  practical 
combustors. 
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The  understanding  of  the  acoustic  characteristics  of  the 
research  combustor  and  the  subsequent  development  to 
eliminate  spurious  interactions  have  resulted  in  a  vehicle  that 
is  well  suited  for  its  intended  purpose  of  investigating  flame 
stability  with  reference  to  aircraft  gas  turbine  engines. 
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A  propane-fueled  research  combustor  has  been  designed  and  developed  to  investigate 
lean  blowouts  in  a  simulated  primary  zone  of  the  combustors  for  aircraft  gas  turbine 
engines.  To  understand  the  flow  development  better  and  to  ensure  that  the  special 
provisions  in  the  combustor  for  optical  access  did  not  introduce  undue  influence, 
measurements  of  the  velocity  fields  inside  the  combustor  were  made  using  laser- 
Doppler  anemometry .  These  measurements  were  made  in  isothermal,  constant  den¬ 
sity  flow  to  relate  the  combustor  flow  field  development  to  known  jet  behavior  and 
to  backward-facing  step  experimental  data  in  the  literature.  The  major  features  of 
the  flow  field  appear  to  be  consistent  with  the  expected  behavior ,  and  there  is  no 
evidence  that  the  provision  of  optical  access  adversely  affected  the  flows  measured . 


MrodBficGioifii 

A  propane-fueled  research  combustor  (Fig.  1)  has  been  de¬ 
signed  (Sturgess  et  al.,  1992)  and  developed  (Sturgess  et  al., 
1992;  Heneghan  et  al.,  1990)  to  investigate  lean  blowouts  in  a 
simulated  primary  zone  of  combustors  for  aircraft  gas  turbine 
engines.  The  fundamental  flow  and  heat  release  features  of  a 
gas  turbine  combustor  primary  zone,  within  which  the  flame 
is  held,  are  generated  by  the  geometrically  simple  design  of 
the  research  combustor. 

The  research  combustor  consists  of  co-axial  jets  with  a  29- 
mm-i.d.  central  fuel  jet,  surrounded  by  a  40-mm-dia  annular 
air  jet.  The  fuel  is  gaseous  propane.  Inserted  inside  the  fuel 
tube  5  diameters  from  the  discharge  is  a  perforated  conical 
baffle  that  serves  to  isolate  the  fuel  supply  acoustically  from 
the  combustor  (Heneghan  et  al.,  1990).  The  confluence  of  the 
jets  is  centrally  located  in  a  150-mm  nominal  diameter  duct. 
The  duct  is  closed  at  its  forward  end  to  give  a  backward-facing 
step  of  55  mm  height.  The  sudden  expansion  of  the  jets  caused 
by  the  step  provides  a  recirculation  region  that  can  stabilize 
the  flame.  The  duct  is  usually  restricted  at  its  discharge  by  a 
45  percent  blockage  orifice  plate,  and  has  an  overall  length 
from  step  to  discharge  of  735  mm. 

The  duct  forming  the  combustor  is  uncooled  and  is  made 
in  two  sections,  consisting  of  a  window  section  of  475  mm 
overall  length  and  an  extension  chimney  of  260  mm  length. 
Provision  for  optical  access  is  made  in  the  window  section  of 
the  duct.  The  construction  of  the  window  section  consists  of 
thin,  flat  quartz  windows  mounted  in  a  stainless  steel  frame. 
The  frame  establishes  reference  planes  to  ensure  that  the  pairs 
of  windows  on  opposite  sides  of  the  combustor  remain  flat 
and  parallel  to  each  other.  The  windows  themselves  are  spring- 
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loaded  against  the  frames  by  means  of  0.81-mm-thick  Inconel 
corner  inserts.  The  windows  can  float  between  the  spring- 
loaded  corner  inserts  and  the  rigid  frames,  thereby  allowing 
differential  thermal  growth  without  stressing  the  windows. 

The  construction  of  the  window  section  results  in  a  duct 
cross  section  as  shown  in  Fig.  1.  The  quartz  windows  are  on 
a  square  of  152  mm  inside  dimension,  within  which  the  Inconel 
corner  inserts  form  a  circle  of  84  mm.  This  results  in  a  window 
width  of  71  mm,  and  the  length  of  the  windows  is  457  mm. 
The  cross  section  of  the  window  section  is  duplicated  in  the 
extension  chimney,  fabricated  of  Inconel. 

The  hybrid  cross  section  of  the  combustor  described  above 
represents  a  hard-won  compromise  between  the  demands  for 
geometric  simplicity  and  flow  two  dimensionality,  and  the  need 
for  straightforward  optical  access  to  allow  use  of  laser  diag¬ 
nostics.  The  flat  windows  avoid  laser  beam  distortion,  while 
the  corner  fillets  distribute  vorticity  generation  and  reduce 
secondary  flow  developments  due  to  interaction  of  the  wall 
boundary  layers  on  the  flat  windows.  If  unaddressed,  corner- 
derived  secondary  flow  vortices  could  influence  combustion 
stability  by  providing  spurious  flame  holding. 

While  the  cross  section  of  the  combustor  was  designed  to 
ameliorate  the  magnitude  of  secondary  flow  developments,  it 
is  not  possible  entirely  to  eliminate  the  local  concentrations  of 
vorticity  where  the  circular-arc  corner  fillets  run  into  the  flat 
windows.  However,  the  vorticity  should  be  reduced  in  strength 
and  distributed  to  a  degree  that  secondary  flow  development 
does  not  substantially  influence  the  bulk  flow  development  in 
the  combustor.  While  computational  fluid  dynamics  (CFD) 
analyses  showed  that  the  introduction  of  the  corner  Fillets 
resulted  in  the  anticipated  favorable  modification  of  flow  be¬ 
havior,  it  was  still  necessary  to  demonstrate  experimentally 
that  such  is  the  case.  To  this  end,  velocity  Field  measurements 
were  made  in  the  combustor  under  isothermal,  constant-den¬ 
sity  conditions.  These  measurements  also  serve  to  contribute 
to  the  understanding  of  the  flow  development  in  the  combus¬ 
tor;  in  addition,  they  provide  initial  condition  information  and 
baseline  data  for  testing  subsequent  CFD  analyses  employing 
blowout  models  being  developed  as  part  of  this  research. 


LDA  Arrangement 

A  custom-designed  laser-Doppler  anemometer  (LDA)  sys¬ 
tem  was  used  for  all  the  velocity  measurements.  The  LDA  uses 
the  green  (514.5  nm)  and  blue  (488  nm)  lines  of  a  15-W  argon- 
ion  laser  as  a  source;  two  measurement  channels  of  this  system 
were  separated  by  polarization,  while  the  third  uses  the  blue 


beam.  The  third  channel  optics  were  set  up  normal  to  the  two- 
channel  optics,  and  the  scattered  signal  was  collected  in  a 
forward  direction  at  10  deg  off-axis.  The  effective  probe  vol¬ 
ume  was  50  x  300  x  750  nm.  The  instrument  incorporates  Bragg 
cells  with  a  5  MHz  frequency  shift  for  unambiguous  meas¬ 
urements  in  recirculatory  flows.  A  unique  three-channel  co¬ 
incidence  circuit  with  a  10  fx s  window  for  rapid  validation  of 
acquired  data  was  also  incorporated.  This  assists  the  integra¬ 
tion  of  the  LDA  with  CARS,  Raman,  or  Rayleigh  spectroscopic 
techniques  to  be  used  later  with  reacting  flows. 

A  proprietary  fluidized-bed  seeder  was  used  to  inject  sub¬ 
micron-sized  Al203  or  Si02  seed  particles  into  the  flowing 
streams.  The  primary  source  of  error  in  the  measurements  is 
the  statistical  bias  of  the  Final  measured  velocity  toward  higher 
mass  fluxes  when  number-weighted  averages  are  used  to  cal¬ 
culate  stationary  statistics.  Chen  and  Lightman  (1985)  and 
Glass  and  Bilger  (1978)  have  discussed  bias  correction  schemes. 
Seeding  of  the  fuel  and  air  stream  separately  and  together  was 
investigated.  No  differences  of  any  significance  were  seen  in 
the  measured  velocity  proFiles. 

Scattered  signals  were  detected  by  TSI  Counter  Processors, 
and  were  processed  by  custom-designed  software  to  yield  in¬ 
tensity,  shear  stresses,  skewness  and  kurtosis,  and  pdf’s.  Typ¬ 
ical  sampling  rates  were  up  to  1  kHz.  At  each  spatial  location 
in  the  combustor,  a  total  of  4096  realizations  were  acquired. 
A  portion  of  these  data  (up  to  2  percent),  whose  departure 
from  the  mean  exceeded  three  standard  deviations,  was  Filtered 
to  eliminate  spurious  signals  due  to  seed  agglomeration.  Fi¬ 
nally,  a  subroutine  was  used  to  correct  for  any  particle  and 
density  biasing  effect  (nonreacting  and  reacting  flows). 

Error  Analysis.  Both  the  fuel  stream  and  air  stream  flows 
were  monitored  and  controlled  by  separate  electronic  flow 
control  units  to  within  2  percent.  Also,  mass  conservation 
balances  in  the  exit  plane  of  the  fuel  tube  provided  an  additional 
cross-check  against  flow  meter  readings.  After  allowing  for 
seeding  bias,  for  single-stream  seeding  with  the  relatively  high 
sampling  rates  used,  the  uncertainty  in  the  measurement  of 
mean  velocity  was  1  percent,  for  rms  velocity  5  percent,  and 
for  skewness  and  flatness  7  percent.  The  long-term  repeat¬ 
ability  was  found  to  be  within  5  percent  for  the  turbulence 
quantities.- 

Traverse  Axes.  The  combustor  is  mounted  vertically  in  the 
facility  (Sturgess  et  al.,  1992)  and  its  centerline  constitutes  the 
z  axis.  Zero  z  is  taken  as  the  plane  of  the  step.  The  x  and  y 
axes  are  diametral  to  the  combustor  cross  section,  with  the* 
axis  aligned  with  the  LDA  axis.  The  axis  convention  is  shown 
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u'  =  fluctuating  axial  velocity 
u'u’j  =  Reynolds  stresses 

v  =  time-averaged  radial  ve¬ 
locity 

v'  -  fluctuating  radial  velocity 
Xy  Y  =  diametral  coordinate  di¬ 
rections 

y  -  distance  normal  to  wall 
Z  =  downstream  coordinate 
direction  from  combustor 
step  plane 

zp  -  conditional  potential  core 
length 

<5  =  shear  layer  width 
rj  =  dimensionless  distance 
across  shear  layer 
£2  =  dimensionless  radius 
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Fig.  2  X  and  Y  scans  of  mean  axial  velocity  at  z  =  5  mm  with  both  jets 
flowing,  showing  induced  asymmetry  in  central  jet 


in  Fig.  1.  Velocities  parallel  to  and  increasing  in  the  direction 
of  the  z  axis,  and  velocities  normal  to  and  directed  away  from 
this  axis,  are  also  considered  positive. 

Windows.  The  geometric  window  sizes  in  the  combustor, 
the  LDA  traverse  mechanism  (Sturgess  et  al.,  1992),  and  the 
LDA  beam  focusing  together  define  the  effective  windows 
within  which  data  may  be  taken.  This  access  window  is  given 
by  - 68.7 <x<  +68.7  mm,  and  -22 <>><+33  mm;  in  the 
downstream  direction  it  is  +  2<z^  +358  mm. 


Test  Conditions 

Separate  diametral  traverses  of  the  fuel  jet  and  annular  air 
jet  were  made  by  the  LDA  at  the  step  with  the  combustor  body 
removed,  for  a  variety  of  inlet  mass  flow  rates  covering  fuel 
jet  Reynolds  numbers  from  1733  to  17,333,  and  air  jet  Reynolds 
numbers  from  7233  to  72,322.  Air  was  used  for  the  fuel  stream. 
This  information  was  used  to  assess  the  uniformity  of  the  inlet 
flows. 

Detailed  diametral  traverses  (both  x  and  y  scans)  were  made 
at  a  number  of  axial  positions,  together  with  a  centerline  axial 
traverse,  with  both  jets  flowing  and  the  exit  orifice  plate  re¬ 
moved.  This  information  was  to  be  used  for  comparison  with 
round  jet  data  from  the  literature.  The  jet  inlet  conditions 
resulted  in  an  air  jet  Reynolds  number  of  56,413  and  a  fuel 
jet  Reynolds  number  of  11,320  for  this  test.  Some  further 
centerline  axial  traverses  were  made  at  different  inlet  conditions 
as  part  of  a  study  of  the  near-field  jet  development. 

For  reasons  of  safety  and  economy,  the  fuel  stream  was 
chosen  to  be  air  rather  than  gaseous  propane.  On  a  Reynolds 
number  basis,  the  conditions  at  which  the  majority  of  the 
results  to  be  presented  were  obtained  correspond  in  this  sim¬ 
ulation  to  an  actual  lean  blowout  point  for  which  the  fuel  jet 
is  turbulent  at  inlet  (Reynolds  number  >  9000)  with  an  air  jet 
Reynolds  number  appropriate  to  an  equivalence  ratio  of  about 
0.5.  The  mass-averaged  axial  velocities  for  the  fuel  jet,  air  jet, 
and  combustor  at  this  condition  are,  respectively,  1.98,  20.6, 
and  3.06  m/s. 

Results 

Inlet  Conditions.  With  the  combustor  removed,  diametral 
LDA  traverses  (y  scans)  of  the  fuel  jet  alone  at  z  of  2  mm 


Radius,  mm. 

Fig.  3  Increased  resolution  Y  scan  of  mean  velocity  profiles  at  z~  5 
mm;  combustor  Inlet  condition 


from  the  step  were  made  for  several  Reynolds  numbers.  The 
resulting  diametral  profiles  of  time-mean  axial  velocity  were 
compared  with  Nikuradse's  (Schlichting,  1960)  turbulent  pro¬ 
file  for  smooth  pipes  and  Reynolds  number  around  100,000, 

u/umax  =  (y/Rf)Un  (1) 

where  y  is  the  distance  from  the  fuel  tube  wall  and  n  was  taken 
as  7.  The  fluctuating  axial  and  radial  velocity  profiles  were 
compared  with  Laufer’s  (Hinze,  1975)  data  for  smooth  round 
pipes  at  a  Reynolds  number  of  500,000. 

The  measured  diametral  profile  of  time-mean  axial  velocity 
was  flatter  than  that  for  the  familiar  seventh  power  law.  The 
flatness  of  the  measured  profile  was  increased  for  a  Reynolds 
number  of  8665,  and  reduced  for  one  of  17,333.  These  changes 
are  in  accord  with  expected  behavior  (Schlichting,  1960)  since 
the  exponent  \/n  is  not  constant,  and  n  is  a  known  function 
of  Reynolds  number.  However,  the  excessive  flatness  results 
because  the  profile  was  generated  by  the  acoustic  isolator,  and 
the  jet  does  not  represent  true  fully  developed  pipe  flow.  A 
slight  asymmetry  was  observed  in  the  measured  data,  and  this 
was  present  over  the  range  of  Reynolds  numbers. 

The  turbulence  was  reasonably  isotropic,  with  higher  values 
occurring  toward  the  edges  (wall)  of  the  jet;  levels  were  con¬ 
siderably  above  those  measured  by  Laufer.  For  the  lower  Reyn¬ 
olds  number  of  8665,  the  turbulence  was  clearly  anisotropic, 
but  it  was  isotropic  for  the  higher  Reynolds  number  of  17,333. 
At  the  17,333  Reynolds  number,  the  trend  of  the  fluctuating 
radial  component  of  velocity  with  y  appeared  to  be  the  reverse 
of  Laufer's  measurements,  i.e.,  increasing  values  toward  the 
jet  center.  Once  again,  the  characteristics  were  strongly  influ¬ 
enced  by  the  presence  of  the  acoustic  isolator,  which  behaved 
similarly  to  a  turbulence  grid. 

Velocity  profile  development  in  the  annular  air  jet  depends 
on  the  passage  L/D ,  radius  ratio,  and  weakly  on  Reynolds 
number.  Although  the  convergent  inlet  to  the  annular  jet  is  so 
short  that  the  flow  could  not  be  fully  developed  (requiring  an 
L/D  of  around  70),  it  was  instructive  to  consider  the  measured 
radial  profiles  of  mean  axial  velocity  against  the  anticipated 
turbulent  profiles. 

The  appropriate  turbulent  velocity  profile  for  an  annular 
jet  was  based  on  the  experimental  data  of  Rehme  (1974),  cor¬ 
rected  to  the  radius  ratio  of  0.675  appropriate  for  the  research 
combustor,  and  Nikuradse  profiles  with  n  appropriate  to  60,000 
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Fig.  4  High-resolution  Y  scan  of  fluctuating  velocity  profiles  at  z*  5 
mm;  combustor  inlet  condition 


Radius,  mm. 

Fig.  6  X-scan  diametral  profiles  of  fluctuating  velocities  at  2=55  mm 


Radius,  mm. 

Fig.  5  X-scan  diametral  profiles  of  mean  velocities  at  2=  55  mm 

Reynolds  number.  This  procedure  resulted  in  a  radius  at  which 
the  profile  exhibited  its  maximum  of  16.537  mm,  or  46.7  per¬ 
cent  of  the  annular  height  from  the  jet  inner  radius. 

The  radial  profile  (y  scan)  of  measured  time-mean  axial 
velocities,  in  the  form  of  w/wmax»  for  a  Reynolds  number  of 
83,330,  was  much  flatter  than  for  fully  developed  flow,  and 
the  peak  velocity  occurred  at  about  15  mm  radius,  i.e.,  inward- 
peaked  compared  to  anticipation.  There  was  considerable 
asymmetry  across  the  traverse,  with  the  ratio  of  maximum 
time-mean  axial  velocity  to  mass-averaged  axial  velocity,  u/ 
Uavc>  being  1.214  for  negative  R  and  1.186  for  positive  R.  For 
an  x-scan  radial  profile,  the  position  of  the  maximum  velocity 
was  at  a  radius  ±  14.6  mm,  i.e.,  slightly  more  inward-peaked 
than  the .y-scan  profile,  while  the  values  of  «max/f/avc  were  about 
1.23,  i.e.,  slightly  more  peaked. 

The  radial  profile  of  local  axial  turbulence  intensity  u'/u 
from  a  y  scan  at  83,330  Reynolds  number,  was  fairly  flat  at 


about  6  percent  across  the  center  section  of  the  annular  jet. 
Increases  at  the  edges  of  the  jet  were  due  not  only  to  the  mean 
axial  velocities  decreasing,  but  also  to  an  increase  in  the  local 
fluctuating  velocities  due  to  the  increased  shear  generated  at 
the  tube  walls. 

Despite  the  careful  design  of  the  inlet,  it  is  apparent  that 
the  annular  air  jet  is  not  being  fed  uniformly  around  its  cir¬ 
cumference,  and  that  a  radial  velocity  component  is  being 
developed  that  results  in  an  inward  flow  toward  the  outer  wall 
of  the  fuel  tube. 

With  the  combustor  body  mounted  on  the  step,  the  closest 
axial  station  to  the  step  at  which  LDA  data  can  be  taken  is  5 
mm.  At  this  position  with  the  combustor  mounted  and  both 
jets  flowing,  the  annular  air  jet  takes  control  of  the  fuel  jet. 
This  can  be  seen  in  Fig.  2  for  x-  and  .y-scan  diametral  traverses, 
where  the  time-mean  axial  velocity  divided  by  the  mass-av¬ 
eraged  axial  velocity  in  the  combustor,  u/ULy  is  shown.  This 
traverse  is  for  a  fuel  jet  Reynolds  number  of  11,320  and  an 
air  jet  Reynolds  number  of  56,413.  Comparison  of  thex-  and 
.y-scan  data  in  the  central  region  of  the  traverses  reveals  that 
fuel  jet  profiles  have  been  distorted  by  the  influence  of  the 
nonuniform  air  jet  to  produce  a  flow  reduction  in  the  +X> 
+  Y  quadrant  (see  Fig.  1)  that  results  in  a  small  reverse  flow 
region  the  x  scan.  Thus,  the  relatively  minor  nonuniformities 
in  the  isolated  fuel  and  air  jet  flows  have  been  magnified  when 
both  jets  are  flowing  to  result  in  significant  distortion  of  the 
lower  momentum  fuel  jet. 

Figure  3  is  a  repeat  of  the  y  scan  of  Fig.  2  at  an  increased 
density  of  measurement;  the  v/UL  profile  is  also  included.  The 
improved  resolution  of  the  annular  air  jet  can  be  seen.  These 
profiles  would  represent  adequate  initial  condition  information 
for  computational  fluid  dynamics  calculations.  The  appro¬ 
priate  turbulence  information  is  shown  in  Fig.  4. 

General  Flow  Development.  Selected  diametral  (x-scan) 
profiles  of  nondimensional  time-average  and  fluctuating  ve¬ 
locities  at  various  axial  positions  in  the  combustor,  Figs.  5- 
10,  together  with  Figs.  3  and  4,  present  the  general  flow  de¬ 
velopment  in  the  combustor  at  the  selected  operating  condi¬ 
tions. 

The  distinct  high-velocity  co-annular  jet  and  the  low  velocity 
central  jet  (Figs.  3  and  4)  quickly  merge  as  the  annular  jet  fills 
in  the  velocity  defect  represented  by  the  central  jet  (Figs.  5 
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Fig.  7  X-scan  diametral  profiles  of  mean  velocities  at  z=  138  mm 


Radius,  mm. 

Fig.  9  X-scan  diametral  profiles  of  mean  velocities  at  z=220  mm 


Radius,  mm. 

Fig.  8  X-scan  diametral  profiles  of  fluctuating  velocities  at  z=  1 38  mm 
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Radius,  mm. 

X-scan  diametral  profiles  of  fluctuating  velocities  at  z=  220  mm 


and  6),  and  soon  have  the  appearance  of  a  single,  central  jet 
(Figs.  7-10).  Note  that  the  time-mean  axial  velocity  profile 
reaches  the  single  jet  form  (Fig.  7)  before  the  fluctuating  ve¬ 
locities  do  (Fig.  8).  At  all  of  the  stations  shown,  the  u  profiles 
reveal  the  existence  of  the  recirculation  zone  associated  with 
the  step;  the  window  aperture  does  not  permit  full  coverage 
of  this  region. 

Figure  1 1  represents  nondimensional  time-averaged  axial  and 
radial  velocity  profiles  from  a  y  scan  at  an  axial  station  of  138 
mm.  These  plots  should  be  compared  with  those  in  Fig.  7  (x 
scan)  to  obtain  an  assessment  of  the  downstream  asymmetry 
introduced  into  the  flow  by  the  upstream  distortions  due  to 
the  individual  jet  irregularities,  Fig.  2. 

The  general  characteristics  are  completed  by  Fig.  12,  which 
gives  centerline  traverses  of  nondimensional  time-averaged  ax¬ 
ial  velocity.  This  shows  that  the  initial  momentum  difference 
between  the  jets  is  so  large  that  entrainment  of  the  central  jet 
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by  the  annular  jet  results  in  the  formation  of  a  central  recir¬ 
culation  bubble.  Centerline  axial  velocity  recovers  and  then 
overshoots  as  the  annular  jet  expands  to  fill  the  central  velocity 
deficit.  Finally,  the  centerline  axial  velocity  decays.  High  fluc¬ 
tuating  axial  velocities  are  associated  with  the  fore  and  aft 
stagnation  points  of  the  central  recirculation  bubble. 

Analysis  of  Results 

Near-Field.  The  salient  features  of  the  near-field  velocity 
development  in  the  research  combustor  are  displayed  in  Fig. 
13,  which  is  constructed  from  radial  profile  information. 

Shown  in  Fig.  13  are  data  points  and  lines  that  represent 
the  contours  where  the  time-mean  axial  velocities  are  zero. 
These  define  the  existence  of  the  two  recirculation  zones  noted 
above;  one  is  associated  with  the  step  as  expected,  and  the 
other  on  the  centerline  of  the  combustor  is  generated  by  jet 
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Fig.  11  Diametral  profiles  of  mean  velocities  from  a  Y  scan  at  *=  138 
mm;  for  an  assessment  of  flow  distortion 
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Fig.  12  Variation  of  axial  mean  velocity  along  combustor  centerline, 
showing  central  recirculation  zone 


interaction.  These  zero  mean  axial  velocity  lines  delineate  the 
beginnings  and  ends  of  the  two  separated  flow  regions,  but 
not  their  radial  extents.  The  central  recirculation  bubble  is 
positioned  on  the  combustor  centerline  at  14  mm  downstream 
from  the  step,  and  extends  downstream  for  another  18  mm. 

Shear  layers  originate  at  the  confluence  of  the  central  fuel 
jet  and  the  concentric  air  jet.  Shown  are  lines  representing  the 
locus  of  points  where  the  local  mean  axial  velocity  is  equal  to 
the  fuel  mean  axial  velocity  at  the  step,  and  also  where  it  is 
equal  to  the  maximum  in  the  jet  shear  layer.  The  position  of 
the  inner  edge  of  the  jet  shear  layer  can  be  checked  by  also 
plotting  the  locus  of  the  radii  where  the  fluctuating  axial  and 
radial  velocity  components  exhibit  a  distinct  increase  from  the 
fuel  jet  inlet  values.  This  definition  of  the  shear  layer  inner 
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Fig.  13  Salient  features  of  near-field  development 
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Fig.  14  Dependency  of  strength  of  centerline  recirculation  on  jet  mo¬ 
mentum  ratio,  and  comparison  with  data  from  the  literature 

edge  is  at  consistently  reduced  radii  compared  to  the  former 
definition. 

The  downstream  distance  where  the  inner  edge  of  the  jet 
shear  layer  intersects  the  combustor  axis  defines  a  conditional 
potential  core  length  for  the  fuel  jet.  The  fact  that  the  fluc¬ 
tuating  velocity  definition  of  the  shear  layer  inner  edge  is  at 
smaller  radii  than  the  time-mean  axial  velocity  definition  is 


440  /  Vol.  114,  APRIL  1992 


201 


Transactions  of  the  ASME 


Radius,  mm.  Dimensionless  Radius  R/R1/2 

Fig.  15  Comparison  of  measured  and  calculated  Reynolds  stresses  In  p|g  17  Self-similarity  of  mean  axial  velocity  profiles  in  far-fleld,  and 
jet  shear  layers  at  z=25  mm  comparison  with  Shapiro’s  submerged  round  jet  profile 


Dimensionless  Distance  tj 


Fig.  1 6  Self-similarity  of  mean  axial  velocity  profiles  In  jet  shear  layers, 
and  comparison  with  Schllchting's  profile 
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Fig.  18  Self-similarity  of  fluctuating  velocity  profiles  In  far-fleld,  and 
comparison  with  Wyganski  and  Fiedler’s  free  round  jet  profile 


due  to  the  existence  of  initial  turbulence  associated  with  bound¬ 
ary  layer  buildup  on  the  interior  surface  of  the  fuel  tube, 
upstream.  Normal  shear  layer  growth  is  linear,  rather  than  the 
concave-downward  curve  seen  in  Fig.  13.  This  curvature  is 
induced  by  the  presence  of  the  central  recirculation  bubble. 

The  dimensionless  potential  core  length,  Zp/R/>  is  equal  to 
2.4.  This  value  is  in  very  good  agreement  with  the  theoretical 
calculations  of  Abramovich  (1963)  for  coflowing  jets  with 
boundary  layers. 

The  momentum  difference  that  exists  between  the  two  jets 
initially  results  in  entrainment  of  the  low-momentum  fuel  jet 
by  the  high-momentum  annular  air  jet  surrounding  it.  The 
momentum  difference  is  large  enough  to  cause  the  centerline 
recirculation  zone  to  form  in  the  fuel  jet.  The  strength  of  this 
effect  can  be  characterized  by  the  depression  of  the  initial  mean 
axial  velocity  on  the  combustor  centerline,  (wczas0-  wcmax). 


This  velocity  difference  can  be  nondimensionalized  by  the  max¬ 
imum  overall  change,  on  a  mass-average  basis,  that  the  center 
jet  can  undergo,  i.e.,  Entrainment  considerations 

would  relate  this  ratio  to  the  square  root  of  the  jet  momentum 
ratio  Mq/Mj . 

Figure  14  is  a  plot  of  this  relationship  for  the  research  com¬ 
bustor  at  a  variety  of  operating  conditions  with  air/air,  air/ 
nitrogen,  and  air/propane  (reacting)  flows,  and  for  some  sim¬ 
ilar  geometries  from  the  literature,  e.g.,  Habib  and  Whitelaw 
(1979),  Johnson  and  Bennett  (1981),  and  Owen  (1975).  All  of 
the  present  data  points  represent  actual  reverse  flow  conditions, 
while  Habib  and  Whitelaw  (1979)  and  Johnson  and  Bennett 
(1981)  have  points  in  which  depression  of  the  initial  centerline 
velocity  takes  place,  but  no  actual  reverse  flow  occurs.  This 
figure  shows  good  agreement  between  the  present  data  and 
those  of  other  researchers. 
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Fig.  19  Comparison  of  local  turbulence  Intensities  lor  Habib  and  Fig.  20  Definition  of  step  recirculation  zone  length 

Whitelaw  with  research  combustor 


When  considering  Fig.  13,  it  was  found  that  the  locus  of 
the  radial  positions  in  the  jet  shear  layer  where  the  fluctuating 
velocity  components  u'  and  v'  reached  a  minimum  coincided 
with  the  locus  of  the  maximum  mean  axial  velocity,  and  the 
maximum  values  of  these  components  coincided  with  the  loci 
of  maximum  velocity  gradients  in  the  mean  velocity  radial 
profiles.  This  is  the  case  for  a  value  of  z  equal  to  35  mm,  but 
only  reasonably  so  at  a  station  of  z  equal  to  55  mm.  For 
example,  compare  Figs.  5  and  6. 

The  implication  of  this  behavior  is  that  the  local  turbulence 
is  generated  by  the  local  shear,  through  the  local  mean  velocity 
profiles.  This  being  so,  the  Reynolds  stresses  in  the  jet  shear 
layer  could  be  described  by  PrandtPs  (1925)  mixing  length 
model  (Abramovich,  1963), 


-7— r  2  dUi  duj 

'  m  dXj  dxj 


where  for  round  jets  the  mixing  length  lm  is  given  by 


lm/b  =  0.079 


(3) 


and  b  is  the  shear  layer  width. 

Figure  15  compares  a  Reynolds  stress  radial  profile  calcu¬ 
lated  from  Eqs.  (2)  and  (3),  and  nondimensionalized  by  the 
square  of  measured  local  mean  axial  velocity,  with  the  meas¬ 
ured  profile  at  z  equal  to  25  mm.  The  velocity  gradients  used 
in  Eq.  (2)  were  obtained  from  the  measured  mean  velocity 
profiles. 

By  a  z  of  55  mm,  the  agreement  between  measured  and 
calculated  Reynolds  stress  profiles  is  only  fair.  This  must  be 
due  to  the  upstream  presence  of  the  centerline  recirculation 
zone,  and  the  fuel  jet  high  initial  turbulence  due  to  the  presence 
of  the  acoustic  isolator.  By  this  axial  station,  the  transport  of 
turbulence  is  apparently  becoming  important  in  comparison 
with  local  shear  generation. 

The  behavior  of  the  shear  layers  with  respect  to  Reynolds 
stresses  suggests  that  the  time-mean  axial  velocity  profiles  at 
different  axial  positions  in  these  layers  might  be  self-similar, 
that  is,  of  the  same  shape  but  differing  by  a  scale  factor.  To 
test  this,  several  velocity  profiles  in  both  inner  and  outer  layers 
were  plotted  in  the  dimensionless  form, 


—’F(y-ir) 

Wl-W2  \  0  ) 


(4) 


where  u  is  the  time-mean  axial  velocity  in  the  shear  layer  at 
position  y;  ux  and  w2.  respectively,  are  the  maximum  and  min¬ 
imum  velocities  bounding  the  shear  layer,  and  b  is  its  width. 
Inner  and  outer  shear  layer  data  were  obtained  from  radial 
profiles  at  positive  and  negative  radii  for  x  scans  and  y  scans 
at  downstream  positions  of  25,  35,  and  55  mm;  the  inner  shear 
layer  width  at  any  axial  position  was  defined  from  the  positions 
of  maximum  jet  velocity  to  that  of  the  fuel  jet  (see  Fig.  13), 
and  the  outer  shear  layer  width  from  the  position  of  maximum 
jet  velocity  to  the  zero  velocity  line  in  the  step  recirculation 
zone.  The  shear  layer  profiles  are  shown  in  Fig.  16. 

Figure  16  demonstrates  that  the  axial  velocity  profiles  at  the 
three  positions  downstream  collapse  onto  a  common  relation¬ 
ship.  There  is  no  difference  between  the  inner  and  outer  layers. 
The  flow  asymmetries  present  in  the  flow  should  be  recalled. 
The  profiles,  therefore,  may  be  considered  as  being  similar. 
Shown  also  on  the  figure  is  Schlichting's  classical  plane  shear 
layer  velocity  profile  (Schlichting,  I960) 

-^  =  (l->?3/2)2  (5> 

U\-U2 

where 

v  =  (y-yzV&  (<} 

The  correlated  data  have  the  same  general  form  as  Eq.  (5\ 
but  differ  from  it  in  fullness.  This  difference  is  undoubted  y 
associated  with  the  streamwise  curvature  of  the  jet  shear  laye  ; 
in  the  research  combustor. 

Far-Field.  In  this  region  the  individual  jets  interact  vig¬ 
orously  with  each  other  and  have  merged  by  138  mm  from 
their  confluence  (Figs.  7  and  8).  Having  lost  their  individuality, 
subsequent  development  takes  place  as  though  the  two  jets 
were  a  single  round  jet. 

One  of  the  major  characteristics  of  the  round  jet  is  the 
development  of  self-similar  profiles.  The  condition  of  simi¬ 
larity  in  the  radial  profiles  of  time-mean  axial  velocity  is  ex¬ 
amined  in  Fig.  17  for  axial  stations  of  138,  220,  275,  300,  330, 
and  358  mm  by  plotting  the  dimensionless  radial  profile  of 
mean  axial  velocity  u/uc  against  R/RWi  where  R  is  radius  and 
R 1/2  is  the  radius  where  the  velocity  u  has  fallen  to  one  half 
of  its  centerline  value  wc.  The  data  for  ±R  and  x  and  y  scans 
are  included. 
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Figure  17  contains  a  line  (with  correlation  coefficient  0.9998) 
representing  Forstall  and  Shapiro’s  (Abramovich,  1963)  data 
for  submerged  round  jets  with  a  variety  of  blowing  ratios.  A 
curve  fit  to  the  present  data  agrees  excellently  with  the  curve 
for  Forstall  and  Shapiro’s  data  out  to  a  dimensionless  radius 
of  about  1.5,  after  which  the  two  curves  approach  their  own 
boundary  conditions  (i.e.,  submerging  jet  or  step  recircula¬ 
tion). 

The  effective  origin  (point  source)  of  the  apparent  single  jet 
can  be  found  by  extrapolating  the  locus  of  the  radii  RU1  for 
various  axial  stations  backward  until  it  intercepts  the  com¬ 
bustor  axis.  This  yields  an  effective  origin  that  is  about  140 
mm  upstream  of  the  step. 

With  the  effective  origin  of  the  combined  jet  so  determined, 
the  turbulence  profiles  in  the  far-field  region  can  be  compared 
with  the  self-similar  form  of  the  turbulence  profiles  from  Wy- 
ganski  and  Fiedler’s  round,  free  jet  (Hinze,  1975).  The  simi¬ 
larity  form  used  is  the  dimensionless  radius  £2,  where, 

&  =  /?/(*  + a)  (7) 

and  a  is  the  distance  upstream  from  the  physical  origin  of  the 
individual  jets  to  the  effective  origin  of  the  merged  jets. 

Figure  18  compares  the  dimensionless  fluctuating  velocity 
u'/uc  against  £2  for  Z  of  275,  330,  and  358  mm  for  ±R  from 
an  x  scan.  The  line  represents  Wyganski  and  Fiedler’s  self- 
similar  data  to  a  correlation  coefficient  greater  than  0.999.  It 
can  be  seen  that  the  turbulence  profiles  do  not  collapse  onto 
a  similar  curve,  but  increase  in  intensity  with  increasing  axial 
position.  The  behavior  for  the  v '/uc  profiles  is  the  same. 

The  behavior  of  the  present  turbulence  profiles  is  in  sharp 
contrast  to  that  of  Wyganski  and  Fiedler’s  round  jet,  and  is 
in  direct  conflict  with  Fig.  17  where  the  time-mean  axial  velocity 
profiles  are  shown  to  be  self-similar.  The  inevitable  conclusion 
from  this  conflict  is  that  the  fluctuating  velocity  profiles  in  the 
far-field  are  not  directly  associated  with,  or  derived  from,  the 
mean  velocity  profiles  at  the  same  axial  station.  Thus,  for  the 
turbulence  field,  flow  history  effects,  i.e.,  convection  of  tur¬ 
bulence,  dominates. 

If  the  turbulence  profiles  are  plotted  in  the  form  of  a  local 
turbulence  intensity  u'/u  and  v'/u  against  |2,  and  compared 
with  Corrsin’s  isothermal,  free,  round  jet  (Hinze,  1975)  a  sim¬ 
ilar  finding  is  obtained.  The  present  u'/u  on  the  jet  centerline 
is  about  twice  that  of  Corrsin’s  jet,  while  v'/u  is  in  better 
agreement;  in  both  cases  the  present  turbulence  intensities  in¬ 
crease  much  more  rapidly  with  increasing  dimensionless  radius 
due  to  the  presence  of  the  combustor  wall  condition. 

Despite  the  turbulence  intensities  being  about  twice  the  free 
round  jet  values,  they  are  in  accord  with  what  is  to  be  expected 
for  the  research  combustor  geometry.  Radial  profiles  of  local 
turbulence  intensity  u'/u  at  several  axial  stations  are  compared 
in  Fig.  19  with  those  measured  in  a  similar  geometry  by  Habib 
and  Whitelaw  (1979).  The  increases  in  intensity  at  larger  di¬ 
mensionless  radii  represent  falling  values  of  u  as  the  inner  edges 
of  the  step  recirculation  zone  are  approached. 

Step  Recirculation.  The  downstream  extent  of  the  step  re¬ 
circulation  zone  may  be  found  by  tracing  the  locus  of  zero 
axial  mean  velocity  ( R(u  =  0))  from  the  individual  radial  profile 
measurements,  such  as  Figs.  5,  7,  and  9.  This  has  been  done 
f or  the  x-scan  profiles  ( ±  R)f  which  cover  a  greater  radial  extent 
than  the^-scan  profiles;  see  Fig.  1.  The  results  are  plotted  in 
Fig.  20  in  the  form  of  R(u  =  0)/Rl  versus  z/ht  where  RL  is  the 
combustor  equivalent  radius  and  h  is  the  step  height.  The  line 
representing  the  data  is  a  fifth-order  polynomial  with  a  cor¬ 
relation  coefficient  of  0.9987.  A  portion  of  this  curve  appears 
in  Fig.  13. 

Although  there  are  some  small  differences,  the  data  show 
that  the  step  recirculation  zone  development  is  f&irly  symmetric 
about  the  combustor  centerline.  The  boundary  marking  the 


division  between  upstream  and  downstream  flow  exhibits  at 
least  one  point  of  inflection.  Along  this  line,  the  zero  velocity 
point  defines  the  center  of  the  vortex,  and  this  is  shown  on 
the  figure  at  about  three  step  heights  downstream  from  the 
step.  The  approximate  length  of  the  recirculation  zone  is  found 
by  extrapolating  the  fitted  curve  to  a  dimensionless  radius  of 
unity.  Such  extrapolation  results  in  a  value  of  about  7.7  step 
heights,  i.e.,  a  z/DL  of  about  3.  When  this  value  is  compared 
with  the  collected  step  recirculation  zone  length  experience 
(Morrison  et  aL,  1987)  for  the  test  Reynolds  number,  the  agree¬ 
ment  is  good. 

Discussion 

Optical  access  to  the  research  combustor  is  acceptable  and 
permits  the  behavior  of  the  flow  field  to  be  mapped  with 
reasonable  coverage  of  the  important  features. 

Efforts  to  condition  the  inlet  flows  result  in  individual  jet 
flows  that  are  reasonably  uniform.  The  provision  of  a  necessary 
acoustic  isolator  (Heneghan  et  al.,  1990)  in  the  fuel  jet  supply 
tube  elevates  the  central  jet  fluctuating  velocities  over  what 
would  normally  be  associated  with  straight  pipe  flow  and  also 
affect  the  mean  profiles.  When  the  jets  coflow  and  are  en¬ 
closed,  they  interact  extremely  strongly,  and  the  individual  jet 
anomalies  are  amplified  so  that  the  symmetry  downstream  in 
the  combustor  is  not  especially  good.  This  jet  interaction  effect 
is  felt  in  the  fuel  jet  upstream  of  the  step,  i.e.,  before  the 
geometric  confluence  of  the  two  jets,  and  it  changes  the  inlet 
profiles  of  the  central  jet  from  the  free-flow  ones. 

The  step  generates  a  large  wall  recirculation  that  extends  a 
considerable  distance  down  the  combustor.  It  appears  to  be 
fairly  symmetric.  Jet  momentum  effects  result  in  the  creation 
of  a  small,  central  recirculation  just  downstream  of  the  fuel 
jet  discharge. 

Outside  the  confines  of  the  step  recirculation  and  down¬ 
stream  of  the  central  recirculation,  the  jet  development  takes 
place  apparently  largely  unaffected  by  the  presence  of  the 
recirculation  zones.  This  time-mean  development,  in  both  near- 
field  and  far-field  regions,  is  self-consistent,  and  is  in  good 
agreement  with  classical  jet  and  shear  layer  behavior  described 
through  measurements  in  the  literature.  The  initial  turbulence 
generation  in  the  jet  shear  layers  is  in  accord  with  Prandtl’s 
mixing  length  theory,  but  downstream  of  the  central  recircu¬ 
lation  bubble  and  after  the  end  of  the  fuel  jet  conditional 
potential  core,  the  high  initial  level  of  turbulence  and  the  trans¬ 
port  of  turbulence,  i.e.,  flow  history  effects,  start  to  dominate. 
Downstream,  the  individual  jets  merge  into  a  single,  central 
jet  that  has  many  of  the  time-mean  characteristics  of  the  classic 
free  round  jet  and  the  submerged  round  jet.  In  this  region  the 
turbulence  profiles  are  totally  unassociated  with  the  local  ve¬ 
locity  profiles. 

There  is  no  evidence  that  the  special,  nonaxisymmetric  cross 
section  of  the  research  combustor  influences  the  isothermal 
flow  development  to  any  serious  degree.  The  influence  of  mass 
transfer,  chemical  reaction,  and  heat  release  on  this  flow  field 
development  will  make  an  interesting  future  study. 


Conclusions 

1  The  optical  access  in  the  research  combustor  is  adequate 
to  establish  the  major  flow  features. 

2  Reliable  LDA  measurements  of  time-mean  and  fluc¬ 
tuating  axial  and  radial  velocity  components  have  been  made 
for  the  isothermal  flow  condition. 

3  Three  regions  of  flow  development  were  observed:  a 
near-field  region,  a  far-field  region,  and  a  step  recirculation 
region.  In  the  near-field  shear  layer  development  leads  to  a 
potential  core,  within  which  is  a  recirculation  bubble  generated 
by  the  jet  momentum  ratio.  In  the  far-field  the  individual  jets 
have  lost  their  identity  and  exhibit  self-similarity.  The  step 
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recirculation  bounds  the  near-field  and  part  of  the  far-field 
regions. 

4  The  component  flows  that  make  up  the  overall  flow 
development  within  the  research  combustor  are  in  remarkable 
agreement  with  the  descriptions  provided  by  classical  fluid 
dynamics. 

5  There  is  no  evidence  that  the  presence  of  the  flat  optical 
windows  and  their  interfacing  with  the  corner  fillets  in  the 
combustor  cross  section  introduce  any  adverse  effects  on  the 
flows  measured.  The  cross  section  used  provides  a  reasonable 
compromise  between  flow  two  dimensionality  and  optical  ac¬ 
cess. 

6  The  major  time-mean  flow  features  of  the  research  com¬ 
bustor  could  be  calculated  by  the  classical  integral  techniques 
of  fluid  dynamics.  This  is  somewhat  surprising.  However,  the 
fluctuating  velocity  fields,  except  for  a  very  limited  initial  re¬ 
gion,  are  uncoupled  from  the  time-mean  features.  Realistic 
calculation  of  the  complete  flow  characteristics  therefore  re¬ 
quires  the  solution  of  transport  equations. 

7  Initial  conditions  have  been  established  that  can  be  used 
as  the  basis  for  computational  fluid  dynamic  calculations  in 
this  combustor. 
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Experimental  information  is  presented  on  the  effects  of  back-pressure  on  flame¬ 
holding  in  a  gaseous  fuel  research  combustor  Data  for  wall  temperatures  and  static 
pressures  are  used  to  infer  behavior  of  the  major  recirculation  zones ,  as  a  supplement 
to  some  velocity  and  temperature  profile  measurements  using  LDV  and  CARS 
systems.  Observations  of flame  behavior  are  also  included.  Lean  blowout  is  improved 
by  exit  blockage ,  with  strongest  sensitivity  at  high  combustor  loadings.  It  is  concluded 
that  exit  blockage  exerts  its  influence  through  effects  on  the  jet  and  recirculation 
zone  shear  layers. 


Introduction 

Combustion  stability  is  extremely  important  in  gas  turbine 
engines  for  aircraft  use.  It  is  becoming  more  difficult  to  ensure 
that  adequate  stability  margins  can  be  maintained  because  of 
current  design  trends  toward  airblast  atomization  of  liquid 
fuel,  high  temperature  rise,  and  low  emissions  combustors. 

As  part  of  a  comprehensive  research  program  to  investigate, 
understand,  and  model  lean  blowouts  in  the  combustors  of 
aircraft  gas  turbine  engines  (Sturgess  et  al.,  1991a),  three  com¬ 
bustors  are  utilized.  These  vehicles  consist  of  a  research  com¬ 
bustor,  a  technology  combustor,  and  a  generic  gas  turbine 
combustor,  which  reflect  the  three-phase  approach  to  the  prob¬ 
lem.  The  purpose  of  the  research  combustor  is  to  yield  fun¬ 
damental  information  on  the  lean  blowout  process  to  assist  in 
understanding  the  events  taking  place  during  blowout,  and  so 
guide  in  modeling  them. 

In  gas  turbine  combustor  design,  it  is  generally  recognized 
that  the  end  of  the  flame-holding  primary  zone  is  determined 
by  the  transverse  combustion  air  jets  entering  through  the 
combustor  liners  (Lefebvre,  1983).  For  combustors  using  either 
pure  airblast  or  hybrid  pressure-atomizing  primary/airblast 
secondary  fuel  injectors,  it  has  been  observed  that  dynamic 
interactions  can  occur  between  the  axially  directed  jets  of  at¬ 
omized  fuel/air  mixture  from  the  injectors,  and  these  trans¬ 
verse  combustion  air  jets.  Recirculation  zones  of  the  “external” 
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(Gupta  et  al.,  1984)  or  “inside-out”  type  (Sturgess  et  al.,  1990) 
seem  to  be  especially  prone  to  this  behavior.  The  interaction 
can  be  exacerbated  if  the  airflow  through  the  combustor  dome 
(including  the  injectors)  is  a  significant  proportion  of  the  com¬ 
bustor  total  flow,  and  if  the  transverse  air  jets  are  close  to  the 
dome. 

It  was  therefore  felt  that  the  important  back-pressure  effect 
exerted  on  the  flame  through  the  presence  of  the  combustion 
air  jets  should  be  included  in  any  simulation  of  a  gas  turbine 
combustor  primary  zone. 

In  the  research  combustor,  which  was  intended  for  the  study 
of  the  breakdown  of  flame  stabilization  in  the  primary  zone, 
the  essential  features  of  a  typical  primary  zone  of  modern 
combustors  were  reproduced  in  simplified  form  (Sturgess  et 
al.,  1992a).  Combustion  air  jets  were  not  included  directly  due 
to  the  complication  involved;  however,  the  back-pressure  of 
these  jets  was  represented  by  means  of  exit  blockage  from  the 
combustor. 

Research  Combustor 

The  research  combustor  consists  of  a  central  fuel  jet  of 
gaseous  propane  surrounded  by  an  unheated  co-axial  air  jet, 
with  the  confluence  of  the  jets  centrally  located  in  a  nominally 
circular  cross-sectional  duct  (Sturgess  et  al.,  1992b).  The  duct 
is  closed  at  its  forward  end  to  give  a  backward- facing  step. 
The  combustor  exit  is  open  to  the  atmosphere;  low  pressure 
effects  on  lean  blowout  are  simulated  by  means  of  dilution 
through  injection  of  excess  nitrogen  into  the  air  supply  (Stur¬ 
gess  et  al.,  1991b).  The  combustor  is  mounted  vertically  on  an 
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airflow-conditioning  unit,  which  traverses  through  a  cutout  in 
a  fixed  optical  bench,  Fig.  1. 

The  combustion  tunnel  was  designed  and  constructed  in  two 
sections:  a  fixed  upstream  window  section  providing  optical 
access  as  needed,  and  a  replaceable  downstream  chimney.  The 
chimney  is  available  in  two  lengths,  and  the  combustor  can  be 
run  with  either  of  these,  or  with  no  chimney  at  all.  The  com¬ 
bustor  has  a  hydraulic  diameter  of  150  mm,  giving  length  to 
diameter  ( L/D )  ratios  of  3.167,  4.9,  and  6.513,  respectively, 
depending  on  the  chimney  arrangement.  The  inner  diameter 
of  the  fuel  tube  is  29.97  mm  with  a  2-deg  half-angle  taper  over 
120  mm  of  its  length,  and  the  outer  diameter  of  the  air  passage 
at  discharge  is  40  mm. 

Provision  is  made  for  combustor  exit  blockage.  The  geo¬ 
metric  values  of  exit  blockage  are  21 .0,  45. 1,  and  62.0  percent 
of  the  combustion  cross  section.  These  blockages  are  achieved 
by  means  of  thin  orifice  plates.  For  the  45. 1  percent  geometric 
blockage,  “top-hat”  exits  with  tailpipe  length  to  diameter 
{L/D)  values  of  1.0  and  2.1,  respectively,  are  also  available. 

The  optical  windows  can  be  replaced  by  metal  plates  con¬ 
taining  arrays  of  thermocouples  for  wall  temperature  meas¬ 
urements,  and  tappings  for  static  pressure  measurements.  The 
combustor  may  be  run  with  any  combination  of  windows  and 
plates. 


LDA  Arrangement 

Mean  and  fluctuating  velocity  component  measurements  are 
obtained  by  means  of  a  laser-Doppler  anemometer  (LDA)  sys¬ 
tem  (Sturgess  et  al.,  1992b),  using  10-deg  off-axis  forward 
scattering.  The  effective  probe  volume  is  50  x  300  x  750  ^m. 

The  combustor  is  mounted  vertically  in  the  facility  (Sturgess 
et  al.,  1992a),  and  its  centerline  constitutes  the  z  axis,  with 
zero  taken  as  the  plane  of  the  step.  The  x  and  y  axes  are 
diametral  to  the  combustor  cross  section,  with  the x axis  aligned 
with  the  LDA  axis.  Velocities  parallel  to  and  increasing  in  the 
direction  of  the  z  axis,  and  velocities  normal  to  and  directed 
away  from  the  axis,  are  considered  positive. 

The  effective  optical  window  within  which  data  may  be  taken 
is  defined  by:  -68.7  <  x  <  +68.7  mm,  and  -22  <  y  <  33 
nun;  in  the  downstream  direction  it  is  +2  <  z  <  358  mm. 


This  window  permits  reasonable  access  to  the  major  flow  field 
features  (Sturgess  et  al.,  1992b). 

For  error  assessments,  see  Sturgess  et  al.  (1992b). 


CARS  Arrangement 

The  laser  source  for  the  coherent  anti-Stokes  Raman  Spec¬ 
troscopy  (CARS)  optics  is  a  Nd:YAG  pulse  laser  with  10  ns 
time  resolution.  The  frequency-doubled  source  green  beam 
(532  nm)  is  equally  divided  into  four  parts:  two  of  these  serve 
as  pump  beams,  while  the  remaining  two  pump  a  dye  laser 
oscillator  and  amplifier.  The  dye  laser  is  tuned  to  provide  a 
red  broad-band  Stokes  beam  (110  FW1IM)  centered  at  607  nm. 
The  red  Stokes  beam  and  the  two  green  pump  beams  are  then 
focused  together  by  a  25  cm  focal  length  lens  in  a  BOXCARS 
configuration.  A  25  x  250  /xm  measuring  spot  size  is  achieved. 
The  CARS  signal  is  collected  by  a  Spex  1702  spectrometer, 
1024-element  DARSS  camera,  and  Tracor-Northern  multi¬ 
channel  analyzer  (Fig.  2).  The  raw  data  are  processed  by  a 
MODCOMP  minicomputer. 

From  the  raw  data  the  temperatures  are  determined  by  com¬ 
paring  the  actual  nitrogen  spectra  to  the  calculated  spectra, 
using  a  least-squares  fit.  The  calculation  of  a  nitrogen  CARS 
spectrum  requires  knowledge  of  the  instrument  slit  function. 
Error  problems  associated  with  the  assumption  of  a  constant 
slit  function  when  the  optical  path  contains  density  and/or 
temperature  gradients  are  avoided  by  use  of  a  simple  method 
of  determining  slit  functions  from  the  collected  data  at  actual 
temperature  and  turbulence  levels,  by  applying  local  ther¬ 
modynamic  equilibrium  principles  (Heneghan  et  al.,  1991). 
This  method  has  been  shown  to  yield  improvements  in  the 
precision  of  the  CARS  measurement  (Heneghan  and  Vangs- 
ness,  1991). 

Both  fuel  and  air  flows  were  monitored  by  separate  electronic 
flow  control  units  to  within  +0.5  percent  and  ±1.5  percent, 
respectively.  The  combined  error  produced  an  uncertainty  of 
±1.5  percent  in  equivalence  ratio,  or  ±30  K  in  temperature. 
Usually,  500  samples  were  taken  for  each  CARS  measurement 
to  ensure  that  the  error  in  rms  temperature  was  less  than  10 
K.  The  rms  temperature  is  susceptible  to  CARS  instrument 
noise  (Heneghan  and  Vangsness,  1990).  However,  in  com¬ 
busting  flow  the  temperature  fluctuations  are  much  greater 
than  the  instrument  noise,  and  thus  the  measurement  precision 
(reproducibility)  is  good.  It  is  estimated  overall  that  the  CARS 
mean  temperature  measurement  accuracy  is  within  50  K,  while 
the  precision  is  well  within  20  K.  Unlike  the  LDA,  CARS 
temperature  measurements  are  time-averaged  without  density¬ 
biasing  effects. 


Isothermal  Flow  Field 

Development  of  the  isothermal  flow  field  in  the  research 
combustor  with  a  free  outlet  is  fully  discussed  by  Sturgess  et 
al.  (1992b).  Briefly,  at  a  simulated  blowout  condition,  the 
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AXIAL  STATION  125  mm  FROM  STEP 


Fig.  3  Radial  profiles  of  mean  axial  velocity  in  isothermal  flow  125  mm 
downstream  from  the  step-plane,  showing  central  flow  net  acceleration 
with  exit  blockage 


annular  air  jet  immediately  entrains  the  central  fuel  jet,  gen¬ 
erating  a  small  central  recirculation  bubble  of  length  17  mm 
with  a  beginning  about  15  mm  downstream  of  the  jet  conflu¬ 
ence.  The  individual  jets  thus  quickly  merge  as  they  expand 
into  the  combustor,  and  soon  lose  their  identities.  This  merging 
is  complete  by  138  mm  from  the  step.  The  step  generates  a 
large  recirculation  zone  of  axial  length  7.7  step  heights,  and 
with  vortex  centers  about  3.1  step  heights  downstream. 

The  addition  of  exit  blockage  by  orifice  plate  exerts  an  ob¬ 
vious  effect  on  the  radial  profiles  of  mean  axial  velocity  as  the 
flow  accelerates  along  the  combustor  centerline  to  form  a  vena 
contracta  in  the  exit  plane,  with  a  toroidal  recirculation  zone 
forming  on  the  forward  face  of  the  orifice  plate.  For  the  4.9 
L/D  combustor  the  near-field  is  unaffected,  but  the  centerline 
flow  acceleration  is  evident  as  close  as  125  mm  downstream 
from  the  step-plane.  Figures  3  and  4  demonstrate  this  at  the 
125  and  300  mm  stations,  respectively,  for  45.1  percent  block¬ 
age.  Note  that  the  acceleration  effect  is  ameliorated  to  some 
extent  by  the  expansion  of  the  combined  jets  into  the  com¬ 
bustor. 

There  were  no  changes  apparent  in  the  fluctuating  velocities 
with  the  addition  of  exit  blockage. 

The  flow  field  with  reaction  present  is  the  process  of  being 
measured.  The  features  described  under  isothermal  conditions 
are  unchanged  in  character  by  the  heat  release. 

Effects  of  Blockage  on  Flame  Behavior 

The  research  combustor  operates  with  three  basic  flame  con¬ 
ditions,  depending  on  the  equivalence  ratio.  For  <t>  >  1.05 
approximately,  a  thin,  sheathlike  pilot  flame  is  anchored  close 
to  the  step  near  the  outer  diameter  of  the  air  passage  (Sturgess 
et  al.,  1991b).  The  fuel  source  for  this  pilot  flame  is  the  step 
recirculation  zone.  The  major  heat  release  is  then  precipitated 
downstream  in  more  or  less  distributed  fashion,  by  the  action 
of  this  pilot.  Downstream  flame-holding  takes  place  in  the 
shear  layers  associated  with  the  central  and  step  recirculation 
zones  (Sturgess  et  al.,  1992b).  For  <t>  <  1.05  approximately, 
the  pilot  flame  is  highly  intermittent  (Roquemore  et  al.,  1991), 
and  the  main  flame  is  lifted  (Sturgess  et  al.,  1991b),  allowing 
considerable  premixing  of  reactants  to  take  place  prior  to  com¬ 
bustion.  The  lifted  flame  is  positioned  between  160  to  300  mm 


AXIAL  STATION  300  mm  FROM  STEP 


Mean  Axial  Velocity,  m/s 


Fig.  4  Radial  profiles  of  mean  axial  velocity  in  isothermal  flow  300  mm 
downstream  from  the  step-plane,  showing  central  flow  net  acceleration 
with  exit  blockage 


from  the  step-plane.  When  </>  reaches  1.5  to  2.0  and  before  a 
rich  blowout,  a  separated  flame  condition  is  again  established 
where  the  pilot  flame  is  no  longer  apparent  to  the  eye,  but  the 
main  flame  does  not  lift  in  this  case.  It  is  located  about  30  to 
40  mm  downstream  from  the  step. 

Lean  blowout  data  were  correlated  on  the  basis  of  a  com¬ 
bustor  loading  parameter  (Sturgess  et  al.,  1991b),  derived  from 
reaction  rate  theory  as 

LP  =  miQX/{VPnF) 

where  for  gaseous  fuels  and  with  simulation  of  low  pressures 
by  excess  nitrogen  injection, 

^Tot  =  ^fuel  ^air  4*  ^nitrogen 

V=  reactor  volume 

P=  effective  pressure 

n  =  apparent  global  reaction  order 

=  2  <f>/ ( 1  +  tf*niirogen/^air) 

</>=  equivalence  ratio 

F *  temperature  correction  factor  (to  400  K) 

=  10oool43r'V3.72 

T-  inlet  temperature  of  reactants  in  K. 

Use  of  LP  for  blowout  correlations  follows  from  the  adop¬ 
tion  of  a  stirred  reactor  modeling  approach  (Sturgess  et  al., 
1992a).  it  also  forms  a  useful  way  of  characterizing  the  degree 
of  “flame  straining*’  present  in  the  combustor. 

Figure  5  provides  a  map  of  flame  behavior  as  a  lean  blowout 
is  approached,  obtained  by  visual  observation.  The  combustor 
L/D  was  4.9,  and  the  exit  was  a  45.1  percent  blockage  orifice 
plate.  Inlet  temperatures  for  the  reactants  were  constant  at  293 
K,  and  no  excess  nitrogen  was  injected.  The  Reynolds  number 
of  the  annular  air  jet  was  in  the  range  of  24,800  to  46,000. 
The  attached  and  lifted  flame  conditions  are  illustrated  in  Fig. 
2  of  Sturgess  et  al.  (1991b). 

The  range  of  the  loading  parameter  in  Fig.  5  is  such  that 
lean  blowouts  were  obtained  close  to  the  flammability  limits 
for  propane/air  mixtures  at  ambient  conditions  (Lewis  and 
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COMBUSTOR  L/D  =  4.9 
ORIFICE  PLATE  EXIT 


Outlet  Blockage,  B 

Fig.  6  Dependence  of  equivalence  ratio  for  flame  lift  on  exit  blockage 
for  low  and  intermediate  combustor  loadings 


von  Elbe,  1961).  The  flame  behavior  seen  is  both  reversible 
and  repeatable.  Flame  lift  can  be  seen  at  about  1 .05  equivalence 
ratio,  and  is  insensitive  to  loading  parameter  over  the  limited 
range  covered.  Subsequent  tests  (Sturgess  et  al.,  1991b)  with 
injection  of  excess  gaseous  nitrogen  into  the  air  stream  showed 
no  effects  on  equivalence  ratio  fof  flame-lift.  When  the  fuel 
flow  was  progressively  reduced  at  constant  airflow,  or  the 
airflow  was  progressively  increased  at  constant  fuel  flow,  the 
same  sequence  of  flame  events  leading  to  a  blowout  took  place. 
These  events  are  shown  in  Fig.  5.  Eventually,  an  oscillatory 
flow  situation  develops,  with  large-scale  axial  movements  of 
the  entire  lifted  flame  about  a  mean  position.  This  motion 
leads,  in  due  course,  to  lean  blowout. 

The  existence  of  the  sequence  of  flame  behaviors  did  not 
change  qualitatively  with  differences  in  exit  blockage.  How¬ 
ever,  the  equivalence  ratio  for  flame  lift  was  observed  to  de¬ 
crease  slightly  with  increase  in  blockage  due  to  orifice  plates 
(Fig.  6).  Similar  behavior  was  observed  with  increase  in  tailpipe 
L/D  for  the  45.1  percent  blockage  top-hat  section  (Fig.  7). 

The  significance  of  the  10,000  Reynolds  number  for  the  fuel 
jet  in  Figs.  6  and  7  is  that  this  value  represents  a  critical 
threshold  for  transition  to  turbulent  flow  for  propane  (Lewis 
and  von  Elbe,  1961). 


COMBUSTOR  L/D  =  4.9 
BLOCKAGE  =  0.451  (GEOMETRIC) 


0.0  0.5  1.0  1.5  2.0  2.5  3.0 

Tailpipe  L/D 


Fig.  7  Dependence  of  equivalence  ratio  for  flame  lift  on  tailpipe  length 
for  45  percent  geometric  exit  blockage 

COMBUSTOR  L/D  =  4.9 
ORIFICE  PLATE  EXIT 


0.0  0.2  0.4  0.6  0.8 


Outlet  Blockage,  B 

Fig.  8  Influence  of  exit  blockage  and  combustor  loading  on  equivalence 
ratio  for  onset  of  axial  movements  of  the  lifted  flame 


A  fairly  strong  influence  on  the  equivalence  ratio  for  the 
onset  of  the  large-scale  axial  oscillation  of  the  lifted  flame  was 
observed,  as  shown  in  Fig.  8.  Increased  blockage  raises  this 
equivalence  ratio  and  is  therefore  destabilizing,  opposite  to  the 
effect  on  flame  lift.  Note  the  significance  of  air  jet  Reynolds 
numbers. 

It  is  apparent  that  the  loss  of  the  important  pilot  flame  marks 
the  beginning  of  a  lean  blowout  sequence.  A  similar  importance 
of  the  pilot  flame  is  observed  as  a  rich  blowout  is  approached. 
Figure  9  shows  the  dependence  of  rich  equivalence  ratio  for 
loss  of  the  pilot  flame  (to  result  in  a  separated  main  flame), 
on  exit  blockage  in  the  4.9  L/D  combustor.  Note  that  on  the 
rich  side,  decreasing  equivalence  ratio  denotes  a  maximum  loss 
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COMBUSTOR  L/D  -  4.9 
ORIFICE  PLATE  EXIT 


LOADING  NEAR  FLAMMABILITY  LIMIT 


Outlet  Blockage.  B 

Fig.  9  Dependence  of  equivalence  ratio  for  flame  separation  on  exit 
blockage  for  low  combustor  loading 


COMBUSTOR  L/D  =  4.9 
ORIFICE  PLATE  EXIT 
EXIT  BLOCKAGE  -  45  % 


Approx.  Combustor  Loading 

Fig.  10  Influence  of  combustor  loading  on  equivalence  ratio  for  flame 
separation  at  45  percent  exit  blockage 


of  stability  at  45.1  percent  blockage.  At  given  blockage  this 
rich  equivalence  ratio  for  pilot  flame  loss  decreases  as  the 
combustor  loading  is  increased;  Fig.  10  demonstrates  this  for 
the  4.9  L/D  combustor  at  45. 1  percent  exit  blockage  by  orifice 
plate. 

Direct  Effects  on  Lean  Blowout 

It  was  observed  for  low  values  (about  0.18  lbm/ 
(sec.ft.3atmos.rt)  close  to  the  flammability  limits  for  propane/ 
air  mixtures  at  these  conditions)  of  the  loading  parameter  that 
the  blowout  equivalence  ratio  decreased  linearly  as  the  exit 
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COMBUSTOR  LOADING 
NEAR  FLAMMABILITY  LIMITS 


Fig.  11  Influence  of  exit  blockage  on  lean  blowout  at  low  combustor 
loading  in  three  combustor  lengths 


EXIT  BLOCKAGE  =  45  PERCENT 


Combustor  Length/Diameter 

Fig.  12  Dependence  of  lean  blowout  at  low  loadings  on  combustor 
length  with  45  percent  exit  blockage 

blockage  by  orifice  plate  was  increased.  This  is  shown  in  Fig. 
11,  and  is  somewhat  surprising  since  the  lifted  flame  is  posi¬ 
tioned  (Roquemore  et  al.,  1991)  in  the  regions  where  the  mean 
flow  is  beginning  to  be  accelerated  due  to  the  blockage  (Figs. 
3  and  4),  at  least  in  isothermal  flow.  Heat  release  should  in¬ 
crease  the  flow  acceleration.  The  improvement  in  stability  de¬ 
pended  on  the  combustor  L/D  ratio;  for  a  given  blockage,  the 
shorter  the  combustor  the  less  stable  it  was  and  the  greater  its 
sensitivity  to  the  exit  blockage.  For  the  4.9  L/D  combustor  at 
this  loading,  the  lean  blowouts  were  virtually  independent  of 
exit  blockage. 

For  a  fixed  exit  orifice  plate  blockage  of  45.1  percent  at 
slightly  higher  loading  parameter,  the  dependency  on  L/D  is 
given  in  Fig.  12,  where  it  can  be  seen  that  an  optimum  L/D 

Transactions  of  the  ASME 


212 


COMBUSTOR  LOADING 
NEAR  PEAK  HEAT  RELEASE  RATE 
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Fig.  13  Influence  on  lean  blowout  of  exit  blockage  at  high  combustor 
loading 


44  .5  mm  FROM  STEP 


Equivalence  Ratio 


Fig.  14  Comparison  of  actual  wall  temperatures  with  smoothed  values 
over  a  range  of  equivalence  ratios,  showing  influence  of  exit  blockage 


exists.  Close  to  the  flammability  limits  there  is  also  a  fairly 
strong  sensitivity  of  blowout  equivalence  ratio  to  combustor 
loading  parameter.  The  existence  of  the  optimum  combustor 
length  for  maximum  stability  close  to  the  flammability  limits 
(Lewis  and  von  Elbe,  1961)  can  be  attributed  to  the  occurrence 
of  acoustic  coupling  (organ-pipe  resonance  driving  eddy  shed¬ 
ding  off  the  step  at  55  Hz)  at  large  L/D  (Heneghan  et  al., 
1990),  and  outlet  interference  with  flame  holding  at  small 
L/D . 

At  45.1  percent  exit  blockage  the  peak  amplitude  of  the  55 
Hz  frequency  signal  measured  inside  the  combustor  by  Kistler 
pressure  transducers  was  increased  by  a  factor  of  5.5  when  the 


combustor  L/D  was  increased  from  3.167  to  6.513.  For  the 
4.9  L/D  combustor  with  45.1  percent  exit  blockage  (and  the 
acoustic  treatment  described  by  Heneghan  et  al.,  1990),  the 
peak-to-peak  amplitudes  for  low-frequency  oscillations  (1-600 
Hz)  were  less  than  0.69  N/m2,  for  high-frequency  oscillations 
(1-5  kHz)  the  amplitudes  were  less  than  6.9  N/m2. 

Figure  13  displays  the  sensitivity  to  exit  blockage  in  the  4.9 
L/D  combustor  operating  at  loadings  ( 1 0  lbm/ (sec.  ft  .3atmos.”)) 
near  the  peak  heat  release  rate  condition  (obtained  with  a 
combination  of  high  airflow  rates  and  injection  of  excess  ni¬ 
trogen  as  a  diluent).  Again,  the  blowout  equivalence  ratio 
decreases  linearly  with  increasing  blockage.  However,  when 
contrasted  with  the  sensitivity  to  blockage  for  this  combustor 
near  the  flammability  limits  (Fig.  11),  it  is  seen  that  blockage 
exerts  a  much  more  powerful  influence  on  stability  at  this 
higher  loading. 

The  general  conclusion  can  be  drawn  that  exit  blockage 
improves  the  lean  stability  of  the  research  combustor.  The 
effectiveness  of  blockage  in  improving  the  stability  in  a  com¬ 
bustor  of  given  length  depends  on  the  loading  at  which  the 
combustor  is  operated.  Of  the  three  combustor  lengths  eval¬ 
uated  (and  for  operation  at  low  loadings  at  least),  the  4.9  L/D 
combustor  has  the  best  stability  at  any  blockage  level  between 
0  and  62  percent.  Exit  blockage  reduces  the  rich  stability  of 
the  research  combustor,  and  the  extent  of  this  also  depends 
on  the  combustor  loading. 


Wall  Temperature  Behavior 

The  wall  temperatures  for  the  combustor  are  needed  to  pro¬ 
vide  boundary  condition  information  for  subsequent  com¬ 
putational  fluid  dynamic  calculations  to  be  made  in  attempts 
to  model  the  lean  blowout  process.  They  can  also  provide,  by 
inference,  additional  information  concerning  development  of 
major  flow  features  in  the  combustor. 

Wall  temperatures  are  most  conveniently  expressed  in  non- 
dimensional  form,  sometimes  known  as  Metal  Temperature 
Factor  (MTF),  and  defined  by 

Ts- Tin 


MTF  = 


1  adjl 


-  Tin 


where 

Ts 

Tad,Jl 


=  wall  temperature 
=  adiabatic  flame  temperature. 


For  premixed  flames,  MTF  represents  a  normalized  wall 
temperature,  and  is  particularly  useful  in  the  present  case  there¬ 
fore,  because  of  the  partial  premixing  that  takes  place  when 
the  flame  is  lifted. 

Figure  14  compares,  at  44.5  mm  downstream  from  the  step 
and  inside  the  step  recirculation  zone,  actual  thermocouple 
temperatures  over  a  range  of  equivalence  ratios  against  tem¬ 
peratures  derived  from  the  MTF  trend  with  downstream  dis¬ 
tance.  Data  are  provided  for  zero  and  45. 1  percent  exit  blockage 
in  the  4.9  L/D  combustor.  The  tests  were  made  for  a  variety 
of  jet  velocity  ratios  and  combustor  flow  functions.  No  effect 
of  velocity  ratio  was  apparent,  and  substantial  increase  in  flow 
function  resulted  in  only  a  negligible  increase  in  MTF. 

The  figure  shows  that  wall  temperatures  in  the  recirculation 
zone  increase  with  combustor  exit  blockage  by  about  20  to  25 
K  for  45.1  blockage.  Peak  temperatures  occur  at  equivalence 
ratios  in  the  range  of  0.9  to  1.1.  For  the  attached  flame  con¬ 
dition  (< i>  2:  1.05),  temperature  levels  are  about  820  K,  and 
fall  to  about  780  K  as  lean  blowout  is  approached. 

The  form  of  MTF  variation  with  equivalence  ratio  is  shown 
in  Fig.  15  for  a  station  146  mm  downstream  from  the  step 
(still  inside  the  recirculation  zone).  The  behavior  in  the  figure 
is  typical  of  all  axial  stations  along  the  combustor.  MTF  de¬ 
creases  with  increasing  equivalence  ratio  up  to  an  equivalence 
ratio  of  about  0.95,  and  then  becomes  independent  out  to  a 
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Fig.  15  Normalized  wall  temperatures  at  126  mm  from  step-plane  for  Fig.  17  Variations  of  maximum  normalized  wall  temperatures  for  lifted 

zero  and  45  percent  exit  blockage,  showing  influence  of  equivalence  and  attached  flames  at  several  values  of  exit  blockage 
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Fig.  16  Indicated  equivalence  ratios  for  flame-lift  from  wall  tempera¬ 
tures,  compared  with  direct  observations 


E 


Equivalence  Ratio 

Fig.  16  Dependency  of  position  of  maximum  normalized  wall  temper¬ 
ature  on  exit  blockage  for  lifted  and  attached  flames 


value  of  1.6.  There  is  negligible  effect  of  blockage  on  MTF  at 
this  station. 

The  “break”  in  the  curve  of  Fig.  15  may  be  interpreted  as 
representing  the  flame-lift  condition.  The  inferred  equivalence 
ratios  for  flame-lift  based  on  this  break  for  different  axial 
locations  are  shown  in  Fig.  16  compared  with  the  equivalence 
ratios  for  flame-lift  based  on  direct  observation  (Fig.  6).  As 
might  be  anticipated,  inferences  based  on  data  from  down¬ 
stream  are  in  better  agreement  with  direct  observations.  No 
effect  of  blockage  is  apparent  on  the  inferred  flame-lift,  which 
does  not  conflict  with  direct  observation  in  Fig.  6. 

The  variations  of  the  maximum  value  of  MTF  with  equiv¬ 
alence  ratio  for  0,  45.1,  and  62  percent  geometric  blockages 
are  given  in  Fig.  17;  the  flame  condition— lifted  or  attached— 
is  delineated  based  on  Fig.  6.  The  values  of  maximum  MTF, 
and  the  positions  at  which  they  occur,  were  derived  at  each 
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equivalence  ratio  from  differentiation  of  curve  fits  to  MTF 
versus  axial  distance  information  obtained  from  the  curves  in 
plots  such  as  given  in  Fig.  15. 

Figure  17  indicates  that  maximum  MTF  reaches  its  minimum 
value  at  about  the  equivalence  ratio  for  flame-lift.  Exit  block¬ 
age  does  not  affect  the  value  of  maximum  MTF,  but  maximum 
MTF  does  increase  as  lean  blowout  is  approached. 

When  the  position  at  which  maximum  MTF  is  reached  is 
plotted  in  similar  fashion  in  Fig.  18,  a  strong  effect  of  blockage 
is  apparent  for  lifted  flames;  equivalence  ratios  for  attached 
flames  do  not  influence  this  position  significantly.  For  the  three 
blockages  shown,  the  position  of  maximum  MTF  is  roughly 
constant  around  450  mm  from  the  step  for  attached  flames. 

When  equivalence  ratio  is  reduced  so  that  a  lifted  flame  is 
established,  an  unrestricted  combustor  exit  results  in  the  po¬ 
sition  of  maximum  MTF  initially  moving  back  toward  the  step. 
However,  for  an  equivalence  ratio  of  0.9,  the  closest  position 
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with  a  free  exit 


to  the  step  is  reached  at  about  270  mm;  thereafter,  as  equiv¬ 
alence  ratio  is  further  lowered  toward  a  lean  blowout,  the 
position  again  moves  downstream  as  the  flame-lift  increases. 

The  addition  of  exit  blockage  introduces  an  additional  re¬ 
circulation  zone  (on  the  orifice  plate  upstream  face)  into  the 
combustor,  and  the  existence  of  this  recirculation  is  how  block¬ 
age  exerts  an  influence  on  the  position  of  maximum  MTF.  The 
position  of  maximum  MTF  is  associated  with  the  reattachment 
plane  of  the  step  recirculation  zone  since  this  is  where  the  jet 
shear  layers  reach  the  combustor  wall  (Sturgess  et  al.,  1992b). 
These  jet  shear  layers  are  where  the  majority  of  the  heat  release 
takes  place  during  combustion,  whether  or  not  the  pilot  flame 
is  attached  (Sturgess  et  al.,  1991a).  Movements  of  the  position 
of  maximum  MTF  therefore  reflect,  albeit  in  crude  fashion, 
movements  of  the  reattachment  plane  for  the  step  recirculation 
zone.  The  lack  of  blockage-effect  on  the  value  of  maximum 
MTF  (Fig.  17)  indicates  that  heat  release  in  the  jet  shear  layers 
is  not  substantially  changed  by  combustor  exit  blockage;  how¬ 
ever,  the  trajectory  of  these  shear  layers  is  (Fig.  18),  possibly 
due  to  flow  acceleration  as  a  result  of  the  heat  release.  The 
behavior  evident  in  Fig.  18  for  45.1  and  62  percent  blockage 
is  the  result  of  interactions  between  the  step  and  orifice  plate 
recirculation  zones,  due  to  heat  release  rate  as  equivalence  ratio 
is  varied,  and  modified  by  the  two  flame  conditions. 

With  this  flow  model,  the  lifted-flame  (partially  premixed) 
behavior  for  maximum  MTF  in  Fig.  18  at  zero  exit  blockage 
is  consistent  with  the  findings  of  Morrison  et  al.  (1987),  Pitz 
and  Daily  (1983),  and  Stevenson  et  al.  (1982)  for  premixed 
flames  that  a  step  recirculation  zone  at  fixed  (turbulent)  Reyn¬ 
olds  number  decreases  in  size  with  increasing  equivalence  ratio. 
The  minimum  distance  occurring  at  an  equivalence  ratio  of 
0.9  suggests  that  pilot  flame  attachment  becomes  evident  be¬ 
fore  the  directly  observed  equivalence  ratio  of  1.05  (Fig.  6). 
Examination  of  the  intermittency  of  the  pilot  flame  (Roque- 
more  et  al.,  1991;  Chen,  1991)  tends  to  confirm  this  suggestion. 

Wall  Static  Pressures 

For  an  atmospheric  pressure  discharge  combustor  with  exit 
blockage,  wall  static  pressures  provide  means  for  a  convenient 
assessment  of  the  extent  of  the  additional  recirculation  zone 
set  up  on  the  orifice  plate  upstream  face.  With  a  free  exit,  the 
difference  between  ambient  pressure  and  wall  static  pressure 
in  the  combustor  reaches  zero  in  the  exit  plane.  However,  when 
the  exit  is  restricted,  this  difference  reaches  zero  at  some  po¬ 
sition  inside  the  combustor  (Heneghan  et  al.,  1990).  The  po¬ 
sition  where  this  occurs  marks  the  stagnation  plane  for  the  aft 
recirculation  zone  on  the  orifice  plate. 

In  isothermal  flow  the  wall  static  pressure  at  a  given  station 
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Fig.  21  Suppression  of  dependency  of  wall  static  pressure  on  jet  ve¬ 
locity  ratio  by  combustion  with  a  free  exit 


is  a  function  of  the  jet  velocity  ratio  \,  and  the  inlet  flow 
parameter,  as  can  be  seen  for  a  station  44.5  mm  downstream, 
in  Fig.  19.  As  Fig.  20  demonstrates,  when  exit  blockage  is 
introduced,  the  dependency  of  wall  static  pressure  on  velocity 
ratio  is  suppressed.  Combustion  also  suppresses  the  depend¬ 
ency  on  jet  velocity  ratio,  even  for  a  free  exit.  This  is  illustrated 
in  Fig.  21,  where  it  is  also  shown  that  the  flame  condition  does 
not  exert  an  influence. 

Again  using  curve  fits  and  differentiation,  the  axial  positions 
along  the  combustor  at  which  atmospheric  pressure  was  at¬ 
tained  were  found.  Typical  wall  static  pressure  axial  distri¬ 
butions  are  given  in  Fig.  3  of  Heneghan  et  al.  (1990).  Figure 
22  shows  that  in  isothermal  flow  this  condition  was  reached 
at  a  constant  580  mm  approximately,  with  45.1  percent  exit 
blockage,  and  was  so  regardless  of  inlet  flow  parameter  or  jet 
velocity  ratio.  With  combustion  and  the  same  blockage,  the 
position  for  atmospheric  pressure  was  a  strong  function  of 
equivalence  ratio,  as  Fig.  23  shows,  where  the  leading-edge  of 
the  aft  recirculation  zone  moves  progressively  forward  in  the 
combustor  as  equivalence  ratio  is  reduced,  independent  of 
flame  condition. 

At  62  percent  blockage  the  position  at  which  atmospheric 
pressure  was  attained  was  always  greater  than  600  mm  from 
the  step,  and  thus  could  not  be  accurately  determined  from 
the  static  tap  positions  available. 


Relationship  Between  Recirculation  Zones 

The  information  on  the  end  of  the  step  recirculation  zone 
inferred  from  MTF  data  (Fig.  18)  can  be  combined  with  the 
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Fig.  22  Independence  from  Inlet  flow  parameter  and  jet  velocity  ratio 
of  position  where  atmospheric  pressure  is  reached  on  the  combustor 
wall,  in  isothermal  flow  with  45  percent  exit  blockage 


Fig.  23  Variation  of  downstream  position  where  wall  static  pressure 
reaches  atmospheric  with  equivalence  ratio  at  45  percent  exit  blockage 


information  on  the  beginning  of  the  orifice  plate  recirculation 
zone  from  the  static  pressure  data  (Fig.  23)  in  order  to  examine 
the  relationship  between  these  two  important  flow  features  in 
the  restricted-exit  combustor. 

Figure  24  shows  a  combination  of  Figs.  18  and  23  for  45.1 
percent  exit  blockage  with  combusting  flow.  It  can  be  deduced 
that  there  is  always  positive  separation  between  the  end  of  the 
step  recirculation  zone  and  the  beginning  of  the  orifice  plate 
recirculation  zone  for  this  blockage.  Furthermore,  for  lifted 
flames,  this  separation  is  maintained  at  a  constant  distance  of 
about  80  mm,  so  that  direct  interference  never  happens.  For 
attached  flames,  the  separation  distance  increases,  as  Fig.  25 
shows. 

For  62  percent  blockage,  it  appears  as  though  direct  inter¬ 
ference  between  zones  does  not  occur  either,  despite  the  fact 
that  the  inferred  position  of  the  end  of  the  step  recirculation 
zone  is  farther  downstream  at  around  500  mm  for  all  equiv¬ 
alence  ratios  (Fig.  18). 

Gas  Temperature  Profiles 

Limited  gas  temperature  measurements  were  made  using  the 
CARS  system.  Profiles  along  the  combustor  centerline  and, 
radially,  close  to  the  step,  were  taken  at  0,  45. 1 ,  and  62  percent 
exit  blockage  by  orifice  plates  in  order  to  assess  what  blockage 
did  to  the  all-important  step  recirculation  zone.  This  was  a 
quick  preliminary  look  made  prior  to  more  extensive  field¬ 
mapping  of  temperature  to  be  reported  separately. 

The  axial  profiles  of  mean  temperature  along  the  combustor 
centerline  at  45.1  percent  exit  blockage  for  lifted  and  attached 


Equivalence  Ratio 

Fig.  24  Downstream  positions  where  atmospheric  pressure  and  max¬ 
imum  normalized  wall  temperature  are  attained  as  equivalence  ratio  is 
varied  for  fixed  exit  blockage 

WITH  45%  BLOCKAGE 


Fig.  25  Distance  between  recirculation  zones  for  lifted  and  attached 
flames  at  fixed  exit  blockage 


flames  are  given  in  Fig.  26,  where  the  temperatures  are  pre¬ 
sented  as  the  ratio  of  actual  temperature  to  the  adiabatic  flame 
temperature.  The  combustor  loadings  in  both  cases  are  in  the 
range  of  0.7  to  0.76  Ibm/(sec.ft.3atrnos."),  i.e.,  fairly  near  the 
lean  flammability  limit.  For  both  flames  the  temperature  in¬ 
itially  falls,  and  then  increases  again  for  distances  greater  than 
100  mm  from  the  step-plane.  By  consideration  of  Sturgess  et 
al.  (1992b),  the  increases  in  centerline  mean  temperature  can 
be  associated  with  the  inner  edge  of  the  reacting  jets  shear 
layer  reaching  the  centerline  and  thereby  introducing  sufficient 
oxidant  for  extensive  chemical  reaction  to  take  place  on  the 
centerline.  The  initial  distance  in  this  profile  can  therefore  be 
viewed  as  a  conditional  thermochemical  potential  core  region. 
Note  that  the  position  of  mean  temperature  increase  is  in  the 
region  where  in  isothermal  flow  the  centerline  mean  axial  ve¬ 
locity  begins  to  accelerate  with  the  45.1  percent  exit  blockage 
(Fig.  3).  Also,  for  the  attached  flame,  the  dimensionless  mean 
temperature  level  is  generally  increased  over  that  for  the  lifted 
flame. 


494/  Vol.  115,  JULY  1993 


Transactions  of  the  ASME 


COMBUSTOR  L/D  =  4.9 
EXIT  BLOCKAGE  =  45  % 


Fig.  26  Centerline  profiles  of  dimensionless  mean  gas  temperature  for 
attached  and  lifted  flames  at  fixed  exit  blockage 
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Fig.  27  Radial  profiles  of  dimensionless  mean  gas  temperature  in  the 
step  region  for  attached  and  lifted  flames  at  fixed  exit  blockage 


Radial  profiles  of  dimensionless  mean  temperature  for  the 
condition  above  are  given  in  Fig.  27  for  a  downstream  station 
5  mm  from  the  step.  Comparison  of  these  profiles  reveals  the 
effect  of  the  attached  flame  on  mean  temperature,  and  shows 
the  pilot  flame  to  be  located  at  a  radius  of  17  to  20  mm.  The 
probability  distribution  functions  (p.d.f.)  confirm  this  defi¬ 
nition.  This  is  somewhat  consistent  with  the  mean  position  of 
24  mm  radius  for  the  attached  flame  determined  at  10  mm 
downstream  with  thin  filament  pyrometry  (TFP)  (Roquemore 
et  al.,  1991).  Again,  the  levels  of  dimensionless  temperature 
are  higher  at  all  radial  positions  for  the  attached  flame  con¬ 
dition.  The  p.d.f.’s  for  the  lifted  flame  condition  agree  with 
the  measurements  of  the  spontaneous  OH  emission  given  by 
Roquemore  et  al.  (1991),  that  there  is  a  finite  probability  of 
the  pilot  flame  being  present  part  of  the  time,  even  though  the 
main  flame  is  fully  lifted  and  an  anchored  pilot  flame  is  not 
directly  observed.  For  both  lifted  and  attached  flames,  the  step 
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Fig.  28  Comparison  of  centerline  profiles  of  dimensionless  mean  gas 
temperatures  for  lifted  flames  at  various  exit  blockages 


recirculation  zone  provides  a  significant  high-temperature  res¬ 
ervoir  for  the  combustion  processes  developing  in  the  shear 
layers. 

Note  that  both  Figs.  26  and  27  indicate  an  elevation  of  gas 
temperatures  over  the  inlet  conditions  close  to  the  confluence 
of  the  jets  and  around  the  region  encompassing  the  small, 
central  recirculation  bubble  (Sturgess  et  al.,  1992b).  Although 
not  yet  supported  by  strong  direct  evidence,  it  has  been  hy¬ 
pothesized  (Sturgess  et  al.,  1992a)  that  nonstationary  flow 
interactions  of  the  fuel  and  air  jets  with  the  central  recirculation 
bubble  result  in  additional  radial  mass  transport  of  reactants. 
Such  mass  transport  could  account  for  early  chemical  reaction 
and  hence,  the  observed  elevated  temperatures  close  to  the 
orifice.  The  p.d.f.  at  a  radius  of  14  mm  for  an  equivalence 
ratio  of  1.36  at  a  combustor  loading  of  0.428  lbm/ 
(sec.ft.3atmos.rt)  shows  that  there  is  an  equal  probability  of 
the  flame  being  present  and  of  fluid  at  inlet  temperatures.  This 
radius  marks  the  position  of  the  outer  edge  of  the  fuel  tube. 
For  this  temperature  condition  to  be  so,  either  direct  flame  or 
a  hot  gas  ignition  source  from  the  step  recirculation  zone  must 
be  transported  completely  across  the  annular  air-jet  path  (see 
Fig.  1). 

The  addition  of  blockage  increases  the  centerline  mean  tem¬ 
peratures  for  lifted  flames  at  loadings  fairly  near  the  lean 
flammability  limit.  The  effect  is  particularly  strong  for  dis¬ 
tances  closer  to  the  confluence  of  the  jets  than  100  mm  as  Fig. 
28  shows.  The  radial  profiles  of  dimensionless  mean  temper¬ 
ature  indicate  that  blockage  slightly  increases  the  temperature 
in  the  step  recirculation  zone. 

The  centerline  profiles  of  the  ratio  of  the  rms  value  of  fluc¬ 
tuating  temperature  to  mean  temperature  for  0,  45.1,  and  62 
percent  exit  blockage  in  the  4.9  L/D  combustor  are  given  in 
Fig.  29.  The  equivalence  ratios  are  such  that  the  flames  were 
all  lifted,  and  the  combustor  loadings  were  0.7  to  0.76  lbm/ 
(sec.ft/atmos.").  The  fluctuating  temperatures  superimposed 
on  the  mean  temperatures  are  not  significantly  affected  by  exit 
blockage.  What  is  noteworthy,  however,  is  the  dramatic  in¬ 
crease  in  the  fluctuating  component  for  distances  closer  than 
50  mm  to  the  jet  origins.  This  is  associated  in  particular  with 
the  forward  stagnation  point  of  the  small,  central  recirculation 
zone,  which  for  isothermal  flow  is  situated  at  about  14  mm 
from  the  origin. 

Figure  30  presents  radial  profiles  of  the  ratio  of  rms  tern- 
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Fig.  29  Comparison  of  canterline  profiles  of  dimensionless  fluctuating 
gas  temperatures  for  lifted  flames  at  various  exit  blockages 
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Fig.  30  Radial  profiles  of  dimensionless  fluctuating  gas  temperatures 
In  the  step  region  for  lifted  flames  at  various  exit  blockages 


perature  to  mean  temperature  at  5  mm  downstream  from  the 
step-plane  for  a  range  of  exit  blockage  at  the  same  operating 
conditions  as  for  the  previous  Figure,  i.e.,  lifted  flame  at  light 
loadings.  Temperature  fluctuations  in  the  step  recirculation 
zone  are  not  much  affected  by  the  exit  blockage.  In  sharp 
contrast,  the  existence  of  any  blockage  at  all  exerts  a  powerful 
suppressing  effect  on  fluctuations  in  the  jet  shear  layers. 

Whether  the  flame  is  lifted  or  attached,  there  are  no  changes 
in  temperature  fluctuations  in  the  step  recirculation  zone  at  5 
mm  downstream  with  45.1  percent  exit  blockage.  There  appear 
to  be  some  differences  for  the  two  flame  conditions  in  the 
shear  layers  (possibly  the  pilot  flame),  but  the  present  data  are 
not  sufficient  to  be  sure. 

Discussion 

The  long-term  intent  for  the  research  program,  of  which 
this  effort  is  but  a  part,  is  to  derive  calculation  procedures  for 
lean  blowout  in  gas  turbine  engine  combustors.  One  of  the 
calculation  procedures  being  developed  for  this  purpose  is  com¬ 
putational  fluid  dynamics  (CFD).  For  viability,  CFD  should 
be  able  to  provide  a  reasonable  simulation  of  the  real  physical 
behavior  involved  in  the  lean  blowout  process.  It  is  therefore 
required  that  significant  flame  events  in  the  blowout  process 
be  experimentally  identified  and  characterized.  The  attached, 
separated,  and  lifted  flames,  and  the  influence  of  combustor 
geometry  on  the  operational  conditions  under  which  these  are 
encountered,  hence  form  a  significant  part  of  the  data  base. 
The  ability  to  calculate  these  characteristics  will  form  a  critical 
test  of  the  efficacy  of  any  CFD  modeling  of  lean  blowout. 

The  research  combustor  exhibits  a  distinct  and  repeatable 
flame  pattern  change  as  it  blows  out  on  the  lean  side  (Fig.  5). 
There  are  similarities  in  the  flame  changes  for  both  rich  and 
lean  blowouts.  A  key  element  in  these  sequences  of  flame 
change  is  the  loss  of  the  thin,  sheathlike  pilot  flame  anchored 
at  the  outer  diameter  of  the  air  jet.  This  pilot  flame  serves  as 
a  continuous  ignition  source  for  the  main  flame  that  then 
originates  in  the  shear  layers  associated  with  the  fuel  and  air 
jets,  and  the  recirculation  zones.  For  rich  blowouts,  loss  of 
the  pilot  flame  does  not  result  in  obvious  changes  in  the  main 
flame,  either  in  position  or  character.  It  tends  to  remain  con- 
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centrated  in  the  shear  layers.  However,  for  lean  blowouts,  loss 
of  the  pilot  flame  causes  the  main  flame  to  lift  to  a  downstream 
position.  This  clearly  allows  significant  premixing  of  reactants 
to  occur,  with  the  result  that  the  main  flame  in  its  lifted  position 
is  more  distributed  across  the  width  of  the  combustor.  Blowout 
in  the  separated  rich  flame  takes  place  suddenly;  in  the  lifted 
lean  flame,  blowout  is  preceded  by  the  onset  of  large-scale 
axial  oscillations  of  the  main  flame  about  its  mean  position 
(Fig.  5). 

The  flame  events  described  are  controlled  by  the  operating 
equivalence  ratio  of  the  combustor  (Figs.  5  and  10).  The  equiv¬ 
alence  ratios  at  which  flame  events  occur  are  modified  by  the 
existence  of  back-pressure  applied  at  the  exit  from  the  com¬ 
bustor  (Figs.  6-9).  The  sensitivity  of  the  event-equivalence 
ratios  to  the  exit  back-pressure  depends  on  the  combustor 
loading,  and  this  sensitivity  generally  increases  with  the  loading 
(Figs.  8  and  10). 

The  application  of  exit  back-pressure  to  the  research  com¬ 
bustor  exerts  a  favorable  influence  on  the  lean  blowout  (Fig. 
11).  At  fixed  combustor  loading,  the  effect  depends  on  the 
combustor  length-to-diameter  ratio.  When  acoustic  effects  and 
direct  loss  of  the  step  recirculation  zone  (Fig.  12)  are  eliminated 
through  use  of  an  appropriate  combustor  length,  the  changes 
in  blowout  due  to  exit  blockage  are  sensitive  to  combustor 
loading  (Figs.  11  and  13).  Predictably,  they  are  strongest  at 
high  loadings  approaching  the  peak  heat  release  rate  condition. 
At  low  combustor  loadings,  the  improvement  in  stability  due 
to  blockage  is  consistent  with  a  more  persistent  anchored  flame 
(Figs.  6  and  7),  but  conflicts  with  an  earlier  onset  of  large- 
scale  axial  movements  of  the  lifted  flame  (Fig.  8). 

The  presence  of  the  outlet  blockage  changes  the  isothermal 
flow  field  in  the  combustor  by  causing  acceleration  of  the  mean 
axial  velocities  about  the  centerline  (Figs.  3  and  4),  and  by 
introducing  an  additional  recirculation  zone  on  the  upstream 
face  of  the  orifice  plate  placed  at  the  combustor  exit.  Accel¬ 
eration  of  the  central  flow  is  evident  as  close  as  125  mm  down¬ 
stream  from  the  step  plane  (Fig.  3),  or,  at  an  L/D  of  0.83  in 
the  4.9  L/D  combustor  at  45.1  percent  blockage.  This  is  up¬ 
stream  of  the  reattachment  plane  for  the  step  recirculation, 
which  is  at  about  2.82  L/D  (Sturgess  et  al.,  1992a).  With  a 
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free  exit  in  isothermal  flow,  the  central  flow  decelerates  as  the 
fuel  and  air  jets  merge  and  expand  into  the  combustor  around 
the  step  recirculation  zone.  The  net  acceleration  that  results 
with  exit  blockage  represents  a  modification  of  the  shear  layers, 
and  thus,  flame  holding  in  these  shear  layers  can  be  expected 
to  be  changed. 

The  wall  static  pressure  measurements  in  the  step  recircu¬ 
lation  zone  show  that  combustion  suppresses  a  sensitivity  to 
jet  velocity  ratio  that  is  apparent  in  isothermal  flow  (Figs.  19 
and  21);  the  addition  of  exit  blockage  in  isothermal  flow  ex¬ 
ercises  a  similar  effect  (Fig.  20). 

With  combustion,  it  can  be  inferred  from  wall  thermocouple 
measurements  that  the  position  of  the  step  recirculation  zone 
reattachment  shifts  according  to  the  equivalence  ratio  (Fig. 
18).  For  lifted  flames,  the  dependency  on  equivalence  ratio  is 
modified  by  the  degree  of  outlet  blockage  (Fig.  18).  From  wall 
static  pressure  tap  measurements,  it  is  inferred  that  the  size  of 
the  orifice  plate  recirculation  is  also  influenced  by  combustion 
(Fig.  23).  For  a  lifted  flame  at  a  given  blockage,  the  movement 
of  these  two  stagnation  planes  with  equivalence  ratio  is  such 
that  a  constant  separation  between  them  exists  (Figs.  24  and 
25),  i.e.,  there  is  no  direct  interference.  When  the  attached 
pilot  flame  condition  is  established,  movement  of  the  step 
recirculation  zone  attachment  essentially  ceases  (Fig.  24).  How¬ 
ever,  the  orifice  recirculation  zone  continues  to  decrease  in  size 
(Fig.  24),  with  the  result  that  the  separation  between  stagnation 
planes  is  increased  (Fig.  25).  Therefore,  it  is  unlikely  that  the 
lean  blowout  improvement  with  exit  blockage  is  associated  with 
direct  modification  of  the  step  recirculation  zone. 

The  “quick-look”  at  mean  gas  temperature  profiles  shows 
the  existence  of  the  pilot  flame  for  equivalence  ratios  when  it 
is  present  (attached  flame),  and  indicates  slightly  increased 
temperatures  in  the  step  recirculation  zone  and  on  the  com¬ 
bustor  centerline  in  the  near-field.  For  lifted  flames,  exit  block¬ 
age  exerts  its  greatest  effect  in  the  near-field  on  the  combustor 
centerline,  particularly  associated  with  the  small,  central  re¬ 
circulation  bubble;  there  is  little  effect  in  the  step  recirculation 
zone.  The  CARS  p.d.f.’s  confirm  earlier  findings  by  OH  emis¬ 
sion  and  TFP  measurements  that  the  pilot  flame  is  intermit¬ 
tently  present  even  when  direct  observations  indicate  that  it  is 
lost  and  the  main  flame  is  lifted. 

Fluctuating  gas  temperatures  along  the  combustor  centerline 
are  insensitive  to  exit  blockage  (Fig.  29);  however,  they  once 
again  confirm  the  strong  dynamic  nature  of  the  flow  associated 
with  the  central  recirculation  bubble  that  is  generated  by  en¬ 
trainment  of  the  central  fuel  jet  by  the  much  stronger  sur¬ 
rounding  annular  air  jet  (Sturgess  et  al.,  1992b).  In  the  near¬ 
field  (at  5  mm)  the  radial  profiles  of  fluctuating  temperature 
suggest  that  exit  blockage  is  a  dampening  effect,  only  slightly 
in  the  step  recirculation,  but  much  more  strongly  in  the  jet 
shear  layers  (Fig.  30). 

Back-pressuring  the  flame  (by  exit  blockage  in  this  case) 
exerts  a  powerful  stabilizing  effect  on  lean  blowout,  especially 
at  the  high  combustor  loadings  that  can  represent  critical  op¬ 
erating  conditions  for  military  aircraft.  Direct  action  of  back¬ 
pressure  on  the  step  recirculation  zone  does  not  seem  to  take 
place.  The  back-pressure  acts  most  strongly  on  the  initial  proc¬ 
esses  occurring  in  the  jet  shear  layers  by  modifying  their  tra¬ 
jectories  and  turbulence  characteristics.  These  initial  processes 
emerge  as  being  critical  to  the  overall  flame  stabilization, 
whether  the  main  flame  is  attached  or  lifted.  Evidence  is  build¬ 
ing  (here  and  in  earlier  work)  that  dynamic  behavior  of  the 
flow  in  the  near-field  can  control  the  combustion  process, 
perhaps  through  radical  changes  in  radial  mass  transport. 

The  present  results  confirm  that  future  attention  should  be 
directed  at  the  pilot  flame,  the  circumstances  of  its  existence, 
and  its  contribution  to  the  main  flame.  The  dynamic  inter¬ 
actions  of  the  central  recirculation  bubble  with  the  jet  shear 
layers  and  of  the  jet  shear  layers  with  the  step  recirculation 
zone  must  be  explored  in  detail,  and  characterized  if  possible. 
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It  would  be  desirable  if  such  future  studies  could  include  a 
mass  transport  experiment,  and  time-resolved  flow  visualiza¬ 
tion  of  the  combustion  in  the  shear  layers. 

Conclusions 

1  Back-pressure  by  means  of  exit  blockage  does  exert 
an  effect  on  the  lean  blowout  characteristics  of  a  combustor. 
The  effect  is  weakest  at  low  combustor  loadings  near  the 
flammability  limits,  and  strongest  at  high  combustor  loadings 
near  the  peak  heat  release  rate.  Modification  of  the  effect 
occurs  with  changes  in  combustor  length-to-diameter  ratio. 

2  Direct  interference  effects  of  exit  blockage  on  the  step 
recirculation  zone  do  not  occur. 

3  The  major  effects  of  exit  blockage  on  lean  blowout  are 
due  to  changes  in  the  fuel  and  air  jet  shear  layers,  and  in  the 
interaction  of  this  shear  layer  with  the  step  recirculation  zone 
and  with  the  central  recirculation  bubble.  Dynamic  processes 
appear  to  play  a  significant  part  in  these  interactions. 

4  Future  experimental  work  should  concentrate  on  the  near¬ 
field  region,  the  dynamic  interactions  taking  place  there,  and 
the  circumstances  governing  the  existence  and  role  of  the  an¬ 
chored  flame. 

5  The  combustor  exhibits  consistent  and  well-characterized 
flame  behavior  that  depends  on  equivalence  ratio  and  exit 
blockage.  The  ability  to  represent  this  behavior  will  provide  a 
stringent  test  of  the  realism  of  any  numerical  modeling  (CFD) 
of  this  combustor. 
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ABSTRACT 

A  propane-fueled  research  combustor  has  been  designed 
to  represent  the  essential  features  of  primary  zones  of 
combustors  for  aircraft  gas  turbine  engines  in  an  investigation 
of  lean  blowouts.  The  atmospheric  pressure  test  facility  being 
used  for  the  investigation  made  it  difficult  to  directly  approach 
the  maximum  heat  release  condition  of  the  research 
combustor.  High  combustor  loadings  were  achieved  through 
simulating  the  effects  on  chemical  reaction  rates  of 
sub-atmospheric  pressures  by  means  of  a  nitrogen  diluent 
technique.  A  calibration  procedure  is  described,  and  correlated 
experimental  lean  blowout  results  are  compared  with 
well-stirred  reactor  calculations  for  the  research  combustor  to 
confirm  the  efficacy  of  the  calibration. 

NOMENCLATURE 

A  Pre-exponential  rate  constant  (may  also  include 

convenient  unit  conversion  factors) 

B  Combustion  efficiency 

C  E/% 

E  Activation  energy 

F  Temperature  correction  factor 

K  Mass  ratio  of  excess  nitrogen  to  fuel 
m  Volumetric  fractional  concentration 

m  Mass  flow  rate 

m  ”  Volumetric  rate  of  oxidant  mass  consumption 
n  Effective  order  of  global  chemical  reaction 

P  Pressure 

R  Global  reaction  rate  expression 

%  Universal  gas  constant 

T  Reaction  temperature 

V  Volume  associated  with  combustion 
a.  Molar  fraction  of  CO  in  products  of  reaction 
P  Molar  fraction  of  CO2  in  products  of  reaction 


y  Defined  by  Eq.  (4) 

4>  Fuel/air  equivalence  ratio 

Subscripts 

air  Air 

f  Carbon  monoxide  in  products  of  reaction,  fuel 

LBO  Lean  blowout 

N2  Excess  nitrogen  as  diluent 

o  Oxygen  in  products  of  reaction 

Tot  Inlet  sum  of  air,  propane  and  excess  nitrogen 

INTRODUCTION 

A  propane- fueled  research  combustor,  Fig.  1,  has  been 
designed  (Sturgess  et  al.,  1990)  and  developed  (Heneghan  et 
al„  1990)  to  investigate  lean  blowouts  in  simulated  primary 
zones  of  the  combustors  for  aircraft  gas  turbine  engines.  The 
fundamental  flow  features  of  a  gas  turbine  combustor  primary 
zone,  within  which  the  flame  is  held,  are  generated  by  the 
geometrically-simple  design  of  the  research  combustor. 

The  research  combustor  consists  of  co-axial  jets  with  a 
29.7  mm  inside  diameter  central  fuel  jet  surrounded  by  a  40 
mm  diameter  annular  air  jet.  The  fuel  is  gaseous  propane.  The 
jets  are  located  centrally  in  a  150  mm  nominal  diameter  duct. 

A  backward-facing  step  at  the  jet  discharge  plane  completes 
the  sudden  expansion,  giving  a  step  height  of  55  mm.  The  step 
provides  a  recirculation  region  that  can  stabilize  the  flame.  The 
combustor  test  section  incorporates  flat  quartz  windows  to 
provide  optical  access.  Curved  metal  fillets,  located  in  the 
corners  of  the  test  section,  reduce  and  distribute  the  vorticity 
generation  due  to  wall  secondary  flows,  and  so  eliminate  their 
impact  on  the  bulk  flowfield  in  the  combustor.  An  orifice  plate 
with  a  45  percent  blockage  ratio  forms  the  exit  from  the 
combustor. 

When  Operated  in  a  fuel-rich  mode,  the  flame  in  the 
combustor  is  very  stable  and  is  anchored  in  the  jet  shear  layers 
by  a  pilot  flame  attached  to  the  step  near  the  outer  edge  of  the 
air  supply  tube.  Fuel  for  this  flame  is  recirculated  from 
downstream  by  the  step  recirculation  zone;  ignition  is  by  hot 
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gases  also  recirculated.  As  the  bulk  equivalence  ratio  is 
reduced  the  flame  becomes  less  stable,  and  eventually  reaches 
a  point  where  the  pilot  flame  becomes  detached  from  the  base 
region  (lifts),  and  the  entire  flame  structure  becomes  stabilized 
downstream,  Fig.  2.  Thus,  there  are  two  distinct  operating 
modes  for  the  combustor:  a  fully  anchored  flame,  and  a  lifted 
flame. 

[  ALL  DIMENSIONS  ARE  IN  MM  j 
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Fig.  1  Cross-Section  of  Research  Combustor 


As  a  consequence  of  the  flame-lift,  a  significant  degree  of 
partial  premixing  of  the  reactants  takes  place  upstream  of  the 
lifted  flame  position.  When  the  equivalence  ratio  is  further 
reduced,  the  flame  becomes  progressively  less  stable 
(Heneghan  et  al.,  1990)  in  its  lifted  condition,  and  eventually 
flows  out.  This  lean  blowout  limit  at  atmospheric  pressure  has 
been  found  to  correspond  to  a  fuel  equivalence  ratio  (around 
0.5)  that  is  very  close  to  the  lean  flammability  limit  of  propane 
in  air  (Lewis  and  von  Elbe,  1987).  Due  to  the  partial 
premixing,  the  combustor  lean  blowout  performance 
characteristic  has  been  observed  to  be  consistent  with  that  of 
well-stirred  reactor  data  (Sturgess  et  al.,  1990). 

Lean  blowout  is  strongly  affected  by  chemical  reaction 
rates.  Application  of  chemical  reaction  rate  theory  to 
well-stirred  reactors  has  resulted  in  the  formulation  of  the  gas 
loading  parameter  m/(VPnF),  where  n  is  the  effective  order  of 
the  reaction,  F  is  a  temperature  correction  factor,  V  is  the 
reactor  volume,  m  is  the  oxidant  mass  flow  rate,  and  P  the 
operating  pressure,  against  which  the  equivalence  ratio  at 


blowout  is  frequently  plotted.  The  concept  of  the  well-stirred 
reactor  can  provide  a  simplified  description  of  practical 
combustors.  Bragg  (1953)  originated  the  view  that  any 
reasonably  efficient  practical  combustor  should  consist  of  an 
initially  well-stirred  reactor  section  for  ignition  and  flame 
holding,  followed  by  a  plug- flow  reactor  section  for  burnout. 
Since  the  research  combustor  was  designed  specifically  to 
reproduce  the  major  features  of  an  aircraft  gas  turbine 
combustor  primary  zone  (Sturgess  et  al.,  1990),  it  might  be 
expected  to  conform  to  well-stirred  reactor  behavior.  The  lean 
blowout  behavior  supports  this  expectation.  Therefore,  the 
loading  parameter  can  be  used  to  define  lean  blowout 
performance.  * 

The  research  combustor  is  being  tested  in  a  facility  that 
operates  at  atmospheric  pressure  and  which  was  limited  to 
maximum  propane  flow  rates  of  about  20  kg/hr.  Under  these 
circumstances,  sufficient  loading  to  approach  the  maximum 
heat  release  condition  of  the  research  combustor  cannot  be 
achieved.  However,  to  investigate  the  lean  blowout 
phenomenon  thoroughly,  it  is  desirable  to  probe  the  flowfields 
for  flames  that  are  anchored  and  lifted  at  both  lightly-strained 
and  heavily-strained  flame  conditions.  Heavily-strained  flames 
occur  at  high  loadings,  and  in  practice,  result  from  combustor 
operation  at  a  given  airflow  with  low  air  inlet  temperatures  and 
low  (sub-atmospheric)  pressures.  Reducing  air  inlet 
temperatures  alone  to  achieve  high  loadings  without  choking 
the  combustor  requires  very  low  temperatures,  and  this 
demands  drying  of  the  air  to  avoid  severe  icing  problems. 

Given  these  difficulties,  alternative  methods  of  achieving 
heavily-strained  flames  were  needed. 

The  quantities  involved  in  the  loading  parameter  are  those 
which  influence  the  speed  at  which  chemical  activity  converts 
reactants  to  products.  When  the  combustor  inlet  conditions 
cannot  be  manipulated  to  achieve  a  desired  loading,  the 
chemical  reaction  can  be  influenced  by  some  other  means  to 
yield  a  similar  rate  of  reactants  conversion.  If  pressure  is  made 
the  variable  of  influence,  then  a  suitably  altered  chemical 
reaction  would  reflect  the  “simulated  pressure”. 

Low  pressures  can  be  simulated  by  the  introduction  of  an 
inert  diluent  that  slows  down  the  chemical  reaction  in 
approximately  the  same  way  that  low  pressures  do.  The 
addition  of  the  diluent  has  two  effects  -  first,  it  lowers  the 
concentration  of  reactants,  and  second,  it  lowers  the  reaction 
temperature  by  virtue  of  its  heat  capacity.  Thus,  tests  may  be 
made  at  atmospheric  pressure  and  high  loading  still  achieved. 

Such  a  simulation  technique  for  achieving  high  loadings 
while  operating  at  room  temperature  and  atmospheric  pressure 
was  developed  for  the  research  combustor. 

SIMULATION  TECHNIQUE 

A  number  of  techniques  for  simulating  low  combustion 
pressures  are  available,  e.g.  Lefebvre  and  Halls  (1959)* 
Lefebvre  (1961)  and  Greenhough  and  Lefebvre  (1956),  using 
water  as  the  diluent.  However,  water  is  inconvenient  for  the 
present  purposes.  It  requires  pre-heating  of  the  inlet  air  to 
ensure  complete  vaporization  of  the  droplets.  Gaseous  nitrogen 
has  also  been  used  with  success  (Norster,  1968),  and  does  not 
require  pre-heating.  Although  a  direct  calibration  for  nitrogen 
was  not  available,  nitrogen  as  a  diluent  is  extremely  convenient 
for  the  present  purposes,  and  was  therefore  selected. 
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Fig.  2  Photographs  of  Anchored  and  Lifted  Flame  Operation 


THEORETICAL  BACKGROUND 

Consider  the  combustion  of  the  general  hydrocarbon  C*Hy 
in  air,  and  let  the  equivalence  ratio  <J>  be  such  that  there  is  an 
excess  of  air,  i.e.,  4>  <  1.0.  Also,  let  the  combustion  efficiency 
be  such  that  B  is  the  fraction  of  fuel  that  is  actually  burned. 

The  unburned  fuel  will  not  pass  through  the  combustor 
unchanged,  but  will,  in  general,  appear  in  the  exhaust  as  carbon 
monoxide,  hydrogen  and  lower  hydrocarbons.  In  modern 
combustors  the  lower  hydrocarbons  are  always  small  in 
quantity  under  normal  circumstances;  further,  the  fast  reaction 
rate  of  hydrogen  suggests  that  it  too,  will  not  be  a  significant 
product.  Therefore,  a  simple  bimolecular  global  reaction  can 
be  proposed, 

+  (x  +  y/4)02  +  79/2  l(x  +  y/4)N2  = 
aCO  +  pC02  +  y/2<t>H20  +  79/21(x  +  y/4)N2  (1) 

+  (1  -4>B)  (x  +  y/4)02 

where  all  of  the  hydrogen  in  the  fuel  is  burned  to  water  vapor, 
and  the  inefficiency  is  reflected  solely  in  the  CO/C02  balance. 
This  is  reasonable  because  of  the  relatively  slow  conversion  of 
CO  to  C02.  Nitrogen  is  assumed  inert.  The  molar  fractions  a 
and  p  are  found  from  C/O  balances. 


For  propane  this  reaction  becomes, 

4>C3H8  +  502  +  18.8095N2  =  10<i>(l-B)CO  +  (2) 

<(>(10B  -  7)C02  +  4<|>H20  +  18.8095N2  +  5(1  -  4>B)02 

Note  that  with  this  simple  reaction  mechanism  C02  disappears 
from  the  products  for  a  fractional  conversion  less  than  or  equal 
to  0.7. 

Let  K  be  the  mass  ratio  of  diluent  nitrogen  to  fuel.  The 
reaction  expression  becomes, 

4>C3H8  +  502  +  18.8095-yN2  =  10<t>(l  -  B)CO 
•+  4>(10B  -  7)C02  +  4<J>H20  4*  18.80957N2  (3) 

+  5(1  -  <t>B)o2 

so  that  the  additional  mass  of  N2  is  18.8095  x  28  (7  -  1). 

Hence, 


7  =  (<j>K/ 11.9697  +  1)  (4) 


Eqs.  (3)  and  (4)  together  provide  the  volumetric  fractional 
concentrations  of  oxidant  and  fuel  present  in  the  exhaust,  i.e., 
10W-B) 

mr=  G  (5) 
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where, 


G  =  10<t>(l  -  B)  +  <K10B  -  7 )  +  4<J>  +  18.80957 
+  5(1  -  <t>B) 


and, 


mo  = 


5(1~4>B) 


(6) 


From  the  kinetic  theory  of  gases  a  reaction  rate  expression 
in  Arrhenius  form  can  be  derived  for  bimolecular,  single-step 
reactions.  Longwell  et  al.  (1953)  have  proposed  that  for  lean 
mixtures  this  takes  the  form, 

<j>Bm  ”  =  AiriomfP2!^372  exp  (-E/&T)  (7) 

where  m  ”  is  the  volumetric  rate  of  oxidant  mass  consumption. 

Although  Longwell  and  others  have  proposed  fractional 
indices  in  Eq.  (7)  to  accord  with  the  results  of  various 
experiments,  for  the  present  purposes  a  pure  second  order 
reaction  in  pressure  and  first  order  in  concentrations  is  taken. 

In  Eq.  (7),  E  is  a  reaction  rate  constant  (activation  energy),  and 
A  can  incorporate  a  pre-exponential  rate  constant  as  well  as 
various  unit  conversion  factors  and  other  constant  terms  as  may 
be  convenient.  T  is  the  reaction  temperature,  and  %  the 
universal  gas  constant. 

Rearranging  Eq.  (7)  into  a  form  incorporating  the  loading 
parameter  yields, 

niair  _  Anynf _ 1 _ 

VP2  4>B  T3/2  exp(E/*>T)  W 

Combining  Eqs.  (5),  (6)  and  (8)  gives, 

mair  -  A(l-B)  2(1-4>B) _ 1 

VP2  B  (<(>(  1 .4-B)  +  79/2  ly  + 1  )2  T3/2  exp(E/$>T)  {  ] 

Eq.  (9)  represents  the  appropriate  global  kinetic 
expression  for  the  reaction  rate  of  propane  in  air  with 
additional  nitrogen.  With  K  equal  to  zero,  it  also  represents  a 
similar  expression  for  propane  in  pure  air. 

A  reaction  rate  simulation  can  be  obtained  if, 

mair  ^  __  (  tnajr 

YT^Ry  simulation  vVP2R 

where  R  is  the  appropriate  reaction  rate  expression  from  the 
right-hand  side  of  Eq.  (9),  i.e.,  with  K>0  and  P  =  1  atmos.  for 
simulation  and  K  =  0  and  P<  1.0  atmos.  for  desired  reaction 
rate.  If  it  is  taken  that  the  presence  of  the  diluent  has  no  effect 
on  the  rate  constants,  the  identity  represented  by  Eq.  (10)  can 
be  written, 

P2R  )  =  (  P2R  ^ 

A  J  simulation  V  A  J  desired  *  ' 

Thus,  A  does  not  have  to  be  described  explicitly.  A  typical 
value  for  E  is  26,613  gm.cal./gm.mole,  for  near-stoichiometric 
mixtures  (Clarke  et  al.,  1960). 

Figs.  3  and  4  may  be  used  to  compare  the  left-  and 
right-hand  sides  of  the  identity  for  an  equivalence  ratio  of  0.9 


I  desired 


(10) 


and  inlet  temperature  of  300K.  Fig.  3  shows  the  effect  of 
pressure  on  propane/air  combustion,  while  Fig.  4  shows  the 
effect  of  nitrogen  addition  on  the  combustion  at  one 
atmosphere  pressure.  The  similarities  of  the  two  curves  are 
obvious. 


Fraction  Fuel  Burned,  B 

Fig.  3  Variation  of  Reaction  Rate  Expression  (Eq.  11)  with 
Pressure 


Fraction  Fuel  Burned,  B 

Fig.  4  Variation  of  Reaction  Rate  Expression  (Eq.  11)  with 
Diluent  Addition 
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NEED  FOR  CALIBRATION 

The  simplified  reaction  mechanism  and  rate  expression 
used  to  derive  the  simulation  are  only  a  convenient 
representation  of  reality.  A  given  rate  expression  cannot  be 
expected  to  adequately  represent  all  the  actual  reactions  taking 
place  so  that  the  expression  is  appropriate  over  wide  ranges  of 
operating  conditions.  Therefore,  if  the  simulation  technique  is 
to  be  used  for  other  than  merely  comparative  purposes,  some 
form  of  calibration  is  required. 

Various  global  Arrhenius  rate  expressions  have  been 
published  in  the  literature  to  represent  propane/air  combustion 
at  different  conditions,  e.g.,  Greenhough  and  Lefebvre  (1956), 
Clarke  et  al.  (1960)  and  Herbert  (1960).  One  that  is  more 
appropriate  for  low  equivalence  ratios  (around  0.5)  is  given  by, 


m'"  *  Am°-5m05PT^5exp(-56,600/ftT)  (12) 

o  f 


This  has  the  form  of  Eq.  (7),  but  different  fractional  indices 
and  rate  constants.  When  the  simulation  is  based  on  Eq.  (12) 
rather  than  Eq.  (7),  considerable  differences  result. 

As  is  to  be  described,  comparison  of  curves  like  Figs.  3 
and  4  can  be  used  to  obtain  the  relationships  between  nitrogen 
to  fuel  mass  ratio  and  the  equivalent  reaction  pressure.  This 
has  been  done  in  Figs.  5  and  6  for  an  equivalence  ratio  of  0.9 
and  a  mixture  initial  temperature  of  300K,  using  simulations 
based  on  Eqs.  (7)  and  (12)  respectively.  For  given  combustion 
efficiency  and  nitrogen/fuel  mass  ratio,  the  differences  in 
equivalent;  pressure  from  the  two  curves  are  marked.  This 
illustrates  vividly  the  need  for  calibration  of  the  technique. 


Nitrogen/Fuel  Mass  Ratio 


Fig.  5  Dependency  of  Simulated  Pressure  on  Diluent 
Addition  for  a  Global  Reaction  Rate  Based  on 
Indices  for  4>  —  1.0  (Eq.  7) 


Fig.  6  Dependency  of  Simulated  Pressure  on  Diluent 
Addition  for  a  Global  Reaction  Rate  Based  on 
Indices  for  <j>  =  0.5  (Eq.  12) 


CALIBRATION 

An  ideal  calibration  would  be  based  on  a  comparison  of 
the  simulated  pressure  technique  against  true  low  pressure  tests 
in  the  same  reactor.  Unfortunately,  such  a  direct  approach  was 
not  immediately  available  for  the  research  combustor. 
Therefore,  an  indirect  approach  is  used.  This  maintains  the 
bimolecular  reaction  mechanism  Eq.  (3),  unchanged,  but 
calibrates  the  Arrhenius  reaction  rate  expression  that  goes  with 
it. 


Fortunately,  a  calibration  of  the  Arrhenius  rate  expression 
for  propane/air/excess  nitrogen  systems  has  already  been 
carried  out  by  Kretschmer  and  Odgers  (1972),  and  their  work 
has  been  utilized  here. 

Kretschmer  and  Odgers  used  for  their  calibration 
experimental  results  from  spherical  stirred  reactors  and  gas 
turbine  combustors,  burning  fuels  from  propane  to  aviation 
kerosene  over  a  wide  range  of  operating  conditions  including 
pressures  from  0.1  to  5.4  atmospheres  and  inlet  temperatures 
from  200K  to  900K;  equivalence  ratios  equal  to  and  less  than 
unity  were  included.  Analysis  of  these  data  resulted  in  a  rate 
expression  giving  the  calibrated  form  for  Eq.  (8)  as, 

■"air  =  ACttlomf)*  1 

VP24>  <j>B  T2*-05  exp(C/T)  (13) 


where  C  is  E/9L  For  an  equivalence  ratio  of  unity,  Eq.  (13)  is 
identical  to  Eq.  (8);  while  for  an  equivalence  ratio  of  one-half, 
it  is  identical  with  the  form  of  Eq.  (12).  Now,  however,  the 
exponential  rate  constant  contained  in  C  is  a  complex  function 
of  equivalence  ratio  and  reactant  inlet  temperature.  This 
variation  arises  because  of  the  empirical  character  given  to  the 
rate  equation. 
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Fig.  7  gives  the  dependency  on  <}>  of  B  at  blowout  for 
300K  inlet  temperature  as  produced  by  Kretschmer  and 
Odgers.  This  dependency  is  compared  with  earlier 
recommendations  also  given  in  Kretschmer  and  Odgers  (1972). 


Fig.  7  Variation  of  Combustion  Efficiency  at  Blowout  with 
Equivalence  Ratio,  from  Several  Sources 


Unfortunately,  Kretschmer  and  Odgers  assumed  a  reaction 
mechanism  that  was  different  from  that  given  in  Eq.  (2). 

Hence,  their  expression  for  mf  was  different  from  that  given  in 
Eq.  (5).  Therefore,  it  was  necessary  to  derive  a  variation  of  C, 
containing  the  exponential  rate  constant,  with  <}>  that  was 
appropriate  to  the  present  reaction  mechanism. 

The  derivation  of  an  appropriate  C  was  done  through  Eq. 
(13)  so  that, 

C  =  T  [In  (mf  ncv/mfKrctschmcr)  exp(C/T)Kretscfimcr]  (14) 

A  comparison  between  the  variations  of  two  C’s  with 
equivalence  ratio  for  an  inlet  temperature  of  300K  is  shown  in 
Fig.  8.  Although  the  differences  are  small,  it  should  be 
remembered  that  C  is  eventually  to  be  used  in  an  exponential 
relationship.  The  variation  of  C  for  the  present  reaction 
mechanism  is  conveniently  represented  by  the  polynomial, 

C  -  14,926.5  +  73,774. 7<)>  -  109,826(f>2  +  35,933.3<t>3  (15) 

which  has  a  correlation  coefficient  of  0.99998  and  a  maximum 
error  of  -54.3K  in  the  range  0.4  <<}><=  1.0. 

Eqs.  (13)  and  (15)  establish  the  form  of  the  global 
reaction  rate,  and  relate  it  to  the  selected  reaction  mechanism. 

The  calibration  of  simulated  pressure  may  now  be 
constructed  for  a  range  of  equivalence  ratios.  The  appropriate 
reaction  rate  expressions,  one  with  variation  in  pressure  and 
the  other  with  variation  in  diluent  mass  flow  rate,  can  be 
compared  as  functions  of  pressure  and  nitrogen/fuel  mass  ratio 
respectively.  The  intersection  of  these  expressions  represents  a 
common  value  of  reaction  rate  expression  indicating 


equivalency  of  pressure  and  nitrogen/fuel  mass  ratio.  This 
enables  the  relationship  between  diluent  mass  flow  rate  and 
simulated  pressure  to  be  established.  Fig.  9  gives  an  example  of 
this  technique  for  a  4>  of  0.8;  Fig.  10  shows  the  resulting 
calibration  curves  for  an  inlet  temperature  of  300K. 


Fig.  8  Comparison  of  Dependencies  of  Activation  Energy  on 
Equivalence  Ratio  for  Kretschmer  and  Odgers 
Reaction  Mechanism  and  Present  Reaction 
Mechanism 


Pressure,  atm.  and  N2/Fuel  Mass  Ratio  x  E-01 

Fig.  9  Relationship  Between  Low  Pressure  and  Simulated 
Reation  Rates  for  <)>  =  0.8 
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Nitrogen/Fuel  Moss  Ratio 

Fig.  10  Nitrogen-Simulation  Calibration  Curve  at  300K 


Fig.  10  can  be  considered  valid  for  well-stirred  and 
partially-stirred  reactors.  Although  the  empirical  adjustment  of 
the  global  Arrhenius  reaction  rate  expression  may  be 
considered  as  being  valid  for  a  wide  variety  of  hydrocarbons 
burning  in  air,  the  simulation  calibration  is  for  propane  only. 
Further,  it  is  limited  to  fuel-lean  mixtures,  as  the  figure 
indicates.  The  calibration  shown  is  for  300K  inlet  temperatures; 
Swithenbank  (1974)  contains  sufficient  information  to  construct 
curves  for  inlet  temperatures  from  200K  to  900K. 

EXPERIMENTAL  RESULTS 

After  the  ignition  sequence  was  completed  and  the  desired 
airflow  established  with  the  anchored  flame  condition  (Sturgess 
et  al.,  1990),  gaseous  nitrogen  was  introduced  into  the  air 
supply  line  to  the  research  combustor.  This  was  done  far 
upstream  so  that  the  excess  nitrogen  was  uniformly  mixed  with 
the  air  entering  via  the  annular  air  jet  surrounding  the  fuel  jet. 
The  nitrogen  flow  rate  was  set  at  a  desired  level,  and  a  blowout 
sequence  obtained  by  reducing  the  fuel  flow  rate  until  the 
flame  was  extinguished.  Ignition  was  reestablished,  the  airflow 
reset  at  the  previous  value  in  conjunction  with  the  fuel  flow,  a 
new  nitrogen  flow  rate  was  selected,  and  blowout  was  again 
obtained. 

This  procedure  was  repeated  until  a  maximum  nitrogen 
flow  condition  was  reached.  The  combustor  has  been  operated 
with  nitrogen  mass  flow  rates  up  to  55  percent  of  the  air  mass 
flow  rate.  No  difficulties  were  encountered  at  this  extreme 
condition.  Repeatability  and  hysteresis  were  checked  through 
obtaining  blowouts  by  turning  down  the  nitrogen  flow  rate 
range,  and  also  by  holding  nitrogen  and  fuel  flow  rates  constant 
while  the  airflow  rate  was  increased.  In  addition,  test  points 
were  repeated  on  different  days  with  a  different  observer. 

Examples  of  the  basic  results  are  displayed  in  Fig.  11,  and 
show  at  a  given  airflow  that  increasing  the  nitrogen  flow  rate 
linearly  increases  the  fuel  flow  rate  at  which  a  blowout  takes 
place.  In  the  figure,  the  multiple  tests  points  shown  at  a  given 
nitrogen  flow  rate  for  the  0.653  Ibm/sec  (0.075  kg/sec)  airflow 
represent  the  day-to-day  repeatability  of  the  blowout. 


Increasing  the  combustor  airflow  increases  the  fuel  flow  at 
which  blowout  occurs,  but  does  not  change  its  dependency  on 
the  nitrogen  flow  rate. 
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Fig.  1 1  Relationship  Between  Fuel  Flow  at  Blowout  and 
Nitrogen  Flow  at  Several  Airflows  in  the  Research 
Combustor 


Fig.  12  gives  an  indication  of  the  range  of  equivalent 
pressures  represented  by  the  nitrogen  simulation,  for  various 
airflows.  It  ranges  from  just  less  than  one  atmosphere  down  to 
one-tenth  of  an  atmosphere  for  these  tests.  The  equivalent 
pressures  were  obtained  from  Fig.  10  for  the  blowout 
conditions  given  in  Fig.  11.  When  the  equivalent  pressures  are 
displayed  against  the  mass  ratio  of  nitrogen  to  fuel  at  blowout 
in  this  form,  the  data  for  the  different  airflows  collapse  onto  a 
single  curve  representing  the  blowout  characteristic  for  the 
research  combustor.  Note  that  for  nitrogen  to  fuel  mass  ratios 
greater  than  about  5,  there  is  a  loss  of  effectiveness  of  the 
technique. 
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When  excess  nitrogen  is  introduced  into  the  air  supply,  the 
visual  appearance  of  the  flame  and  its  behavior  does  not 
change  from  that  observed  for  zero  excess  nitrogen,  (Sturgess 
et  al.,  1990),  (Heneghan  et  al.,  1990).  Fig.  13  gives  a 
description  of  the  flame  behavior  at  constant  airflow  as  the 
nitrogen  flow  rate  is  increased.  Visually,  there  is  no  change  in 
the  equivalence  ratio  at  which  flame  lift  takes  place.  The 
equivalence  ratio  for  lean  blowout  does  increase,  in  accord 
with  the  behavior  of  Fig.  11.  Blowout  with  excess  nitrogen 
follows  the  same  sequence  of  events  as  was  observed  for  zero 
excess  nitrogen  (Sturgess  et  al.,  1990),  (Heneghan  et  al.,  1990). 
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Fig.  13  Flame  Behavior  in  the  Research  Combustor  at  Fixed 
Airflow  as  Nitrogen  to  Fuel  Mass  Ratio  Is  Varied 

CORRELATION  OF  EXPERIMENTAL  DATA 

As  described  above,  the  equivalence  ratio  at  blowout, 
4>lbo  of  a  well-stirred  reactor  can  be  related  to  the  gas 
loading  parameter,  m/VPnF,  for  the  combustor.  Here,  the  mass 
flow  rate  is  interpreted  as  mxot»  which  is  the  sum  of  the  air, 
excess  nitrogen  and  fuel  mass  flow  rates.  The  fuel  is  included  in 
this  sum  since  its  volume  is  not  insignificant;  the  nitrogen  flow 
rate  is  generally  several  times  that  of  the  fuel.  Thus,  the 
residence  time  in  the  reactor  is  materially  affected  by  these 
flows. 

For  the  present  experiments  the  temperatures  of  the 
reactants  were  not  varied,  and  the  values  for  air,  excess 
nitrogen  and  propane  were  sensibly  equal.  Therefore,  the 
temperature  correction  factor  F,  is  taken  as  unity  as  a  matter  of 
convenience. 

The  pressure  is  interpreted  as  the  effective  pressure,  and 
depends  on  the  quantity  of  excess  nitrogen  flowing,  as  given  by 
Fig.  12. 

The  (constant)  volume  is  taken  as  the  total  combustor 
volume  minus  the  volume  of  the  combustor  associated  with 
flame  lift. 

The  apparent  order  of  the  reaction,  n,  is  taken  as  equal  to 
2  <{>  for  lean  mixtures.  However,  this  is  for  propane/air  systems. 
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When  a  diluent  is  present,  the  order  is  reduced.  The 
expression, 

24>lbo 

n  =  - - - - — 

(1  +  nWmair) 


(16) 


is  used  to  account  for  this.  When  no  excess  nitrogen  is  present, 
Eq.  (16)  reverts  to  the  pure  air  form. 

In  Fig.  14  the  data  in  terms  of  4>lbo  ancI  ro  WVPn  are 
plotted  in  logarithmic  form.  The  measured  data  define  most  of 
the  lean  portion  of  the  stability  loop  for  the  research 
combustor.  The  data  cover  points  at  atmospheric  pressure  with 
zero  excess  nitrogen,  as  well  as  those  at  atmospheric  pressure 
with  excess  nitrogen;  a  variety  of  airflows  were  used. 
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Combustor,  and  Comparison  with  the  Calculated 
Well-Stirred  Reactor  Blowout  Characteristic  for  the 
Research  Combustor 


The  figure  shows  that  the  loading  parameter  correlates  the 
blowout  equivalence  ratios  very  well.  This  can  be  appreciated 
when  considering  the  repeatability  shown  in  Fig.  11.  The 
blowout  data  extend  over  three  orders  of  magnitude  of  loading 
parameter,  and  range  from  a  blowout  equivalence  ratio  of 
around  0.5  to  around  0.8. 

VERIFICATION  OF  CALIBRATION 

Use  of  the  simulation  calibgition  curves  for  effective 
pressure  (Fig.  12),  resulted  in  a  very  satisfactory  correlation  of 
experimental  lean  blowout  data  obtained  at  constant  true 
pressure  for  wide  ranges  of  air  and  excess  nitrogen  flows. 
Fortunately,  since  the  research  combustor  with  zero  excess 
nitrogen  appeared  to  behave  like  a  well-stirred  reactor 
(Sturgess  et  al.,  1990),  (Heneghan  et  al.,  1990),  an  independent 
check  of  the  calibration  can  be  made  through  the  use  of 
well-stirred  reactor  theory. 

Swithenbank  (1974)  presented  a  dissipation  gradient 
approach  for  defining  perfectly-stirred  regions  of  combustors. 
This  approach  was  applied  to  the  research  combustor,  using  a 
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computational  fluid  dynamics  (CFD)  calculation  to  provide  the 
turbulence  characteristics. 

Based  on  the  dissipation  gradient  analysis,  the 
rapid-stirring  region  of  the  research  combustor  was  identified 
as  the  volume  enclosing  the  highly  turbulent  portion  of  the 
flow.  It  was  found  that  the  surface  contour  enclosing  96  percent 
of  the  turbulence  kinetic  energy  and  99  percent  of  its  rate  of 
dissipation  corresponded  to  a  surface  over  which  the  total 
dissipation  gradient  had  a  value  of  10.0,  which  is  100  times  the 
value  recommended  by  Swithenbank.  This  well-stirred  region 
extended  over  most  of  the  length  of  the  combustor,  with 
exceptions  of  portions  of  the  step  recirculation  zone  and  the 
stagnation  region  on  the  upstream  face  of  the  orifice  plate 
placed  at  the  combustor  exit. 

While  the  turbulence  characteristics  of  a  flow  can  be  used 
to  define  a  region  of  rapid  mixing,  this  alone  is  not  a  sufficient 
condition  for  a  well-stirred  reactor.  For  stable  reaction  to  take 
place  within  the  rapid  mixing  region,  the  fuel  and  air  mixture 
must  locally  fall  inside  the  flammability  limits,  a  source  of 
continuous  ignition  (mixture  at  exit  temperature)  must  be 
present,  and  local  flow  velocities  must  not  exceed  the  local 
turbulent  burning  velocity. 

CFD  analysis  was  again  used  to  provide  necessary 
information  to  determine  places  within  the  defined  rapid 
mixing  region  where  stable  combustion  could  take  place  for 
conditions  close  to  blowout.  On  the  basis  of  these  calculations 
and  the  observations  of  the  lifted  flame  position,  which  was 
found  to  remain  roughly  constant  as  equivalence  ratio  was 
reduced,  a  suitable  well-stirred  reactor  volume  was  defined. 
This  was  44  percent  of  the  total  combustor  volume,  and 
corresponded  to  a  lifted  flame  mean  position  of  about  40  cm 
(16  inches)  from  the  central  portion  of  the  step,  assuming  that 
the  flame  completely  filled  the  cross-section.  Visual 
observations  of  the  flame  indicated  that  on  the  centerline  of 
the  combustor  the  closest  position  to  the  step-plane  of  the 
lifted  flame  was  about  16  cm  (6  inches)  downstream.  Of  course, 
the  real  flame  never  completely  filled  the  cross-section. 

With  a  well-stirred  reactor  defined,  the  stirred  reactor 
network  code  MARK2I  by  David  Pratt  and  Brian  Pratt  was 
used  to  make  calculations  for  the  research  combustor.  The 
MARK2I  code  uses  the  CREK  chemical  kinetics  code  (Pratt 
and  Wormeck,  1976)  and  a  hydrocarbon  reaction  mechanism 
by  Roberts  et  al.  (1972).  The  research  combustor  near  blowout 
was  modeled  in  MARK2I  as  a  single,  perfectly-stirred  reactor 
with  separate  air  and  fuel  inlets,  and  a  single  discharge  of 
products;  there  was  no  recirculation  of  products.  It  was 
operated  with  gaseous  propane  as  fuel  and  air  as  oxidant,  with 
equal  inlet  temperatures  of  293K.  The  volume  was  that  defined 
above,  although  two  other  volumes  were  used  for  spot-checks 
to  see  the  sensitivity  to  volume.  This  was  done  because  of  the 
uncertainty  associated  with  the  flame  position.  (The  results  for 
the  range  of  volumes  were  subsequently  correlated  successfully 
by  the  loading  parameter,  via  the  volume  term  incorporated  in 
it.)  The  model  was  operated  at  a  number  of  air  mass  flow  rates, 
with  several  pressure  levels  of  atmospheric  and  less,  for  each 
airflow.  No  cases  with  excess  nitrogen  were  run. 

Shown  on  the  stability  plot  of  Fig.  14  is  a  line  representing 
the  blowout  characteristic  calculated  by  the  well-stirred  reactor 
code.  The  line  runs  through  the  correlated  experimental 
blowout  data  very  nicely,  thereby  confirming  that  the  research 
combustor  is  behaving  as  a  well-stirred  reactor.  Furthermore, 


since  the  loading  variation  in  the  well-stirred  reactor 
calculations  was  achieved  through  variations  in  mass  flow  rate 
and  true  operating  pressure  while  the  experimental  data  were 
correlated  on  the  basis  of  mass  flow  rate  and  equivalent 
pressure,  the  agreement  verifies  the  calibration  (Fig.  12)  of  the 
nitrogen  dilution  technique. 

DISCUSSION 

A  technique  has  been  presented  whereby  the  lean  reaction 
of  gaseous  propane  in  air  at  sub-atmospheric  pressures  can  be 
simulated  by  approximating  the  sub-atmospheric  pressure 
reaction  rate  with  a  reaction  rate  at  atmospheric  pressure  in 
the  presence  of  excess  gaseous  nitrogen  as  a  diluent. 

The  technique  has  been  calibrated  through  the  assumption 
of  a  one-step  global  reaction  mechanism  for 
propane/air/excess  nitrogen  systems  in  which  nitrogen  remains 
inert,  and  where  combustion  inefficiency  is  accounted  for  solely 
through  the  CO/CO2  balance  in  the  products.  A  global 
reaction  rate  expression  in  Arrhenius  form  for  a  bimolecular, 
single-step  reaction  was  calibrated  using  experimental  data 
from  the  literature.  Finally,  the  relationship  between  excess 
nitrogen  and  the  equivalent  pressure  was  established  by 
comparing  appropriate  reaction  rate  expressions  with  separate 
variation  in  pressure  and  diluent  mass  flow  rate.  This 
relationship  forms  a  calibration  for  the  simulation  technique  at 
blowout  conditions.  The  calibration  is  valid  for  well-stirred  and 
partially-stirred  reactors  using  propane  as  a  fuel  in  a  lean 
mixture  with  air.  The  specific  calibration  curve  presented  is  for 
300K  inlet  temperature  of  reactants,  although  similar  curves  for 
other  temperatures  are  readily  constructed. 

Lean  blowout  data  in  a  research  combustor,  obtained 
using  the  simulation  technique,  were  successfully  correlated 
using  the  conventional  loading  parameter  in  which  the  pressure 
term  was  taken  as  the  equivalent  pressure  obtained  from  the 
calibration.  The  range  of  equivalence  ratios  covered  by  the 
variation  in  loading  parameter  was  from  near  the  flammability 
limit  to  near  the  maximum  heat  release  rate;  the  range  of 
loading  parameter  obtained  extended  over  three  orders  of 
magnitude.  These  were  achieved  at  atmospheric  pressure  and 
with  a  limited  range  of  mass  flow  rates.  The  lean  stability  of  the 
research  combustor  was  completely  defined  by  these  data. 

The  combustor  was  operated  without  difficulty  with  an 
excess  nitrogen  mass  flow  rate  up  to  60  percent  of  the  air  mass 
flow  rate.  At  this  condition  the  equivalent  pressure 
corresponded  to  0.1  atmosphere.  However,  it  is  not 
recommended  that  the  maximum  excess  nitrogen  flow  rate  be 
greater  than  about  45  percent  of  the  air  mass  flow  rate.  This  is 
because  of  inaccuracies  in  the  calibration  curve  (lower 
right-hand  corner  of  Fig.  10),  at  operating  conditions  with  very 
high  levels  of  excess  nitrogen. 

The  effective  order  of  the  reaction  when  excess  nitrogen  is 
used  becomes  a  function  of  the  mass  ratio  of  excess  nitrogen  to 
air,  as  well  as  equivalence  ratio  at  blowout.  There  was  no  visual 
evidence  that  the  excess  nitrogen  changed  the  flame 
characteristics  in  any  way  from  that  observed  without  excess 
nitrogen. 

A  final  check  on  the  accuracy  of  the  calibration  was  made 
by  comparing  the  correlated  experimental  results  using  the 
simulation  against  well-stirred  reactor  calculations  based  on 
propane/air  systems  for  true  sub-atmospheric  pressures.  This 
comparison  was  justified  since  it  was  known  from  the  initial  test 
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results  (Sturgess  et  al.,  1990),  (Heneghan  et  al.,  1990)  that  the 
research  combustor  had  well-stirred  reactor  lean  blowout 
performance  when  operated  at  atmospheric  pressure  without 
any  excess  nitrogen.  The  subsequent  agreement  in  the  stirred 
reactor  calculation  comparison  confirmed  the  accuracy  of  the 
calibration. 

The  demonstration  of  the  successful  calibration  for  the 
nitrogen  dilution  simulation  of  low  operating  pressures  opens 
an  important  possibility  for  small-scale  facility  combustion 
experiments.  Their  operating  range  may  be  extended  for 
certain  low  pressure  effects  in  an  easy,  inexpensive  and  safe 
fashion  while  the  convenience  of  operating  at  atmospheric 
pressure  is  maintained. 

Experimental  lean  blowout  data  have  been  obtained  in  the 
research  combustor  over  a  wide  range  of  equivalence  ratios. 
These  data  will  provide  a  good  data  base  for  lean  blowout 
modeling.  The  fact  that  the  research  combustor  has  been 
definitively  shown  to  behave  as  a  well-stirred  reactor  when 
operated  in  the  lifted  flame  condition  is  an  important  help  in 
understanding,  and  hence  modeling,  the  lean  blowout  process. 


CONCLUSIONS 

1.  The  nitrogen  dilution  technique  for  simulating  the  effects 
on  chemical  reaction  rates  of  low  pressures  has  been 
successfully  calibrated.  The  calibration  removes  the 
simulation  from  being  a  qualitative  technique,  to  being  a 
quantitative  one.  It  permits  certain  low  pressure  combustion 
effects  to  be  examined  while  maintaining  the  convenience 
of  operating  at  atmospheric  pressure. 

2.  The  lean  blowout  data  obtained  in  a  research  combustor  via 
the  low  pressure  simulation  technique  were  correlated  by 
the  familiar  loading  parameter  when  the  effective  pressure 
was  used  for  actual  pressure  and  the  reaction  order  was 
made  a  function  of  the  excess  nitrogen. 

3.  Nitrogen  dilution  enables  the  loading  parameter  for  the 
research  combustor  to  be  extended  over  three  orders  of 
magnitude,  and  the  blowout  equivalence  ratio  to  be 
increased  from  near  the  flammability  limit  to  close  to  the 
maximum  heat  release  condition.  This  enables  the  lean 
stability  of  the  combustor  to  be  adequately  defined. 

4.  The  research  combustor  at  blowout  conditions  behaves  like 
a  classical  well-stirred  reactor. 
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ABSTRACT 

This  paper  reports  the  results  of  an  investigation 
to  determine  the  flow  and  flame  characteristics  of  a  burner 
which  has  been  carefully  designed  to  "specifically 
reproduce  recirculation  patterns  and  lean-blow-out  (LBO) 
processes  that  occur  in  a  real  gas  turbine  combustor"  [1]. 
When  operated  in  a  fuel  rich  mode,  the  flame  is  very 
stable  and  is  anchored  in  the  jet  shear  layer  by  a  pilot 
flame  attached  to  the  step,  near  the  outer  edge  of  the  air 
supply  tube.  As  the  equivalence  ratio  is  reduced,  the  flame 
becomes  less  stable,  and  eventually  reaches  a  point  where 
the  pilot  flame  becomes  detached  (lifts)  from  the  base 
region,  and  the  entire  flame  structure  becomes  stabilized 
downstream.  Thus,  there  are  two  distinct  operating  modes 
for  the  combustor:  a  fully  attached  flame  and  a  lifted 
flame.  As  the  fuel  equivalence  ratio  is  further  reduced,  the 
flame  becomes  progressively  less  stable  in  its  lifted 
condition,  and  eventually  blows  out.  Photographs  of  the 
flame  clearly  illustrate  the  attached  and  lifted  flame 
operational  regimes  of  the  combustor.  However,  visual 
observation  and  conventional  photographic  techniques  are 
unable  to  quantify  the  precise  details  of  the  flame 
transition  from  an  attached  to  a  lifted  condition.  A 
Computational  Fluid  Dynamics  (CFD)  model  with  one 
step  chemistry  was  used  to  investigate  the  time-averaged 
features  of  the  reacting  and  non-reacting  flow  fields.  The 
difficulties  of  predicting  the  characteristics  of  the  attached 
flame  with  a  time  averaged  CFD  type  model  are  discussed. 
Measurements,  using  OH  emissions  and  graybody 
radiation  from  14  pm  diameter  filaments  located  near  the 
base  of  the  flame,  clearly  indicate  the  dynamic  or 
intermittent  nature  of  both  the  attached  and  lifted  flames. 


It  is  theorized  that  unbumed  hydrocarbon  combustion 
products  are  transported  into  the  recirculation  zone  by  the 
intermittent  process;  and  it  is  these  products  that  provide 
the  fuel  needed  for  the  flame  to  attach  to  the  outer  edge  of 
the  step. 

INTRODUCTION 

Advancements  in  gas  turbine  engine  technology 
are  reducing  design  tolerances  and  increasing  the  need  to 
have  precise  design  methods.  Of  all  the  design 
requirements  for  combustion  chambers,  several  may  be 
categorized  as  being  critical  to  safety  and  reliability.  One 
of  these  is  combustion  stability,  an  aspect  of  which  is 
lean-blow-out  (LBO).  LBO  is  of  special  concern  since 
recent  design  trends  appear  to  result  in  an  erosion  of 
stability  margins.  This  concern  is  exacerbated  by  the 
weakness  in  current  methods  of  calculating  LBO  limits, 
and  by  the  limited  design  criteria  for  obtaining  good 
stability.  A  research  program  that  results  in  unproved 
calculation  procedures  for  LBO  enhances  design  capability 
and  will  provide  a  most  valuable  contribution. 

There  are  several  difficulties  that  make  modeling 
LBO  a  serious  challenge.  LBO  is  usually  encountered 
during  engine  transients  and  it  may,  therefore,  be  difficult 
to  separate  overall  system  behavior  from  the  combustor 
characteristics.  The  phenomenon  itself  is  a  transient 
process,  and  it  may  involve  non-sf^tionary  flow  behavior. 
Hence,  LBO  is  rather  difficult  to  study  in  detail.  The 
physics  involved  can  be  extremely  complex  since  it 
concerns  interactions  between  several  processes.  This 
means  that  the  mechanisms  of  blow-out  in  one  combustor 
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design  might  be  different  from  that  of  another  design  so 
that  the  impact  of  changing  operational  parameters,  such 
as  pressure  or  air  flow,  could  have  opposite  effects.  Also, 
the  blow-out  process  may  be  very  sensitive  to  small 
design  changes  even  to  the  point  that  manufacturing  and 
assembly  tolerances  in  a  system  component,  such  as  the 
fuel  nozzle,  may  be  a  significant  factor.  An  equal 
challenge  is  presented  by  the  state-of-the-art  in 
computational  fluid  dynamic  (CFD)  based  codes  for 
engineering  use.  In  general,  these  provide  stationary-state 
solutions,  and  the  near-term  prospects  for  realistic  time- 
dependent  calculations  for  engineering  applications  are  not 
good. 

This  paper  presents  the  results  of  an 
investigation  to  determine  the  flow  and  flame 
characteristics  of  a  burner  designed  for  the  study  of  the 
fundamental  LBO  process.  The  burner  has  confined, 
coannular  jets  that  discharge  into  a  sudden  expansion. 
This  simple  geometry  provides  a  recirculation  zone  that  is 
similar  to  those  in  modem  gas  turbine  combustors.  The 
present  work  is  part  of  a  larger  study  to  investigate  the 
flow  and  flame  structure  within  the  combustor  over  a  wide 
range  of  fuel  equivalence  ratios  and  loading  conditions. 
The  results  presented  in  this  paper  are  considered 
preliminary  in  that  the  Reynolds  numbers  associated  with 
flow  conditions  are  lower  than  those  found  in  gas  turbine 
combustors.  The  transitional  Reynolds  number  limitation 
was  required  to  prevent  overheating  of  the  facility  exhaust 
hood.  The  facility  is  currently  being  modified  to 
accommodate  the  higher  heat  loads  associated  with  fully 
turbulent  flows.  Future  studies  performed  in  this  facility 
will  be  conducted  at  engine  representative  Reynolds 
number  flow  conditions.  The  general  descriptions  of  the 
flame  attachment  and  lifting  processes  reported  in  this 
paper  were  also  observed  in  the  facility  at  fully  turbulent 
Reynolds  number  conditions.  However,  these  conditions 
were  only  maintained  for  only  short  periods  of  time. 
Earlier  studies  conducted  with  this  combustor  were 
performed  in  a  high  Reynolds  number  flow  facility  that 
did  not  have  the  heat  load  problem  [1,5,6]. 

The  objectives  of  this  paper  are  to:  1)  characterize 
the  flame  structure  for  a  wide  range  of  equivalence  ratios; 
2)  identify  phenomena  that  contribute  to  the  transition 
from  an  attached  to  a  lifted  flame  since  this  clearly 
represents  the  beginning  of  lean  blowout;  and  3)  gain 
insight  into  the  characteristics  that  a  model  must  have  to 
correctly  predict  the  LBO  process. 

The  experimental  approach  used  in  this  study 
involves:  1)  visual  observations,  2)  2-D  flow 

visualization  of  the  combustion  flows  using  Reactive  Mie 
Scattering,  3)  spontaneous  OH  emission  measurements  in 
the  ultraviolet  (uv)  to  characterize  the  fuel  equivalence 
ratio  where  the  flame  transitions  from  an  attached  flame  to 
a  lifted  flame,  4)  uv  laser  sheet  lighting  to  stimulate  OH 
laser  induced  fluorescence  (LIF)  emission,  and  5)  thin 


filament  graybody  radiation  studies  of  the  flame  frequency 
oscillations.  A  CFD  model  is  also  used  to  investigate  the 
time  averaged  flow  field  characteristics  of  the  burner. 
Experimental  and  model  results  are  discussed  in  the 
following  sections. 

EXPERIMENTAL  DESCRIPTION 

Combustor.  The  combustor  is  shown 
schematically  in  Figure  1.  The  combustor  has  been 
carefully  designed  to  ’’specifically  reproduce  recirculation 
patterns  and  LBO  processes  that  occur  in  a  real  gas  turbine 
combustor’’[l].  The  research  combustor  consists  of  coaxial 
jets  with  a  29.7  mm  inside  diameter  central  fuel  jet 
surrounded  by  a  40  mm  diameter  annular  air  jet.  The  fuel 
is  gaseous  propane.  Hie  jets  are  located  centrally  in  a  150 
mm  diameter  duct.  A  backward  facing  step  at  the  jet 
discharge  plane  completes  the  sudden  expansion,  giving  a 
step  height  of  55  mm.  The  step  provides  a  recirculation 
region  that  can  stabilize  the  flame.  The  combustor  test 
section  incorporates  flat  quartz  windows  to  accommodate 
laser  and  other  optical  access  to  the  flame.  Curved  metal 
fillets,  located  in  the  comers  of  the  test  section,  reduce  and 
distribute  the  vorticity,  generated  by  secondary  wall  flows, 
and  thereby  minimizes  its  impact  on  the  bulk  flow  field  in 
the  combustor.  This  hybrid  cross-section  of  the 
combustor  allows  reasonable  optical  access  for  laser 
diagnostics,  while  providing  a  good  two-dimensional, 
axi symmetric  flow  approximation. 

Test  Conditions.  Tests  reported  herein  were  all 
conducted  at  an  air  flow  rate  of  1000 1pm  (referenced  to  1 
atm  and  21°C)  with  a  mean  velocity  of  31.6  m/s. 
Nominal  propane  flow  rates  were  30,  41,  52,  and  63  Ipm 
propane  (referenced  to  1  atm,  and  0°C)  with  velocities  of 
0.8,  1.01,  1.35,  and  1.64  m/s,  respectively.  These  flow 
rates  correspond  to  fuel  equivalence  ratios  of  0.78,  1.05, 
1.31,  and  1.56,  respectively.  The  Reynolds  number  for 
the  annular  air  jet  based  on  the  width  of  the  air  jet  is 
18,360.  Fuel  jet  Reynolds  numbers  are  5,223,  7,138, 
9,053,  and  10,968,  respectively.  Thus  both  the  air  and 
fuel  jets  are  in  the  transitional  flow  region. 

Reactive  Mie  Scattering  (RMS).  Mie  scattering 
of  a  laser  sheet  from  TiC>2  particles  was  used  to  obtain 
instantaneous  (10  ns)  images  of  the  flame  and  flow 
patterns.  The  TiC>2  seed  was  obtained  from  the  near 
instantaneous  reaction  of  TiCLt  vapor  and  moisture  to 
form  the  Ti02  particles.  Either  dry  air  or  dry  propane 
were  seeded  with  TiCl4  vapor.  Moisture  was  added  to  the 
opposite  flowing  stream  to  provide  ample  H2O  for  the 
chemical  reaction.  Moisture  generated  in  the  combustion 
process  also  participated  in  the  chemical  reaction.  A  sheet 
of  light  from  a  frequency  doubled  Nd-Yag  laser  was  used 
to  illuminate  a  cross  section  of  the  flow  through  the 
centerline  of  the  burner.  Images  were  collected  with  a 
1024x1024  array  unintensified  CCD  camera  that  was 
located  normal  to  the  laser  sheet 
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OH  Emissions.  An  instrument  was  set  up  to 
observe  the  spontaneous  emission  from  the  OH  radical 
through  a  very  narrow  region  of  the  flame  near  the  flame 
attachment  point.  A  simple  lens  and  aperture  were  used  to 
focus  a  narrow,  cylindrical  region  of  the  combustor  into  a 
spectrometer.  The  waist  of  the  focal  volume  was  located 
about  15  mm  above  the  base  of  the  burner  and  in  the 
region  where  the  characteristic  blue  flame  sheet  was 
observed  when  the  flame  was  attached.  The  focal  volume 
integrated  the  OH  emission  along  the  entire  path  across 
the  burner,  but  the  most  intense  region,  at  least  from 
visual  observations  was  in  the  circular  ring  just  outside  of 
the  air  jet,  where  the  flame  appeared  to  attach. 

The  spectrometer  was  tuned  to  an  OH  emission 
line  near  308  nm  that  gave  a  strong  signal.  The  signal 
was  captured  with  a  photomultiplier  tube,  amplified, 
converted  to  a  digital  signal,  and  recorded  on  a  mini 
computer.  The  20,000  separate  digital  points  collected 
over  a  20  second  time  period  were  used  to  obtain  a  mean 
and  standard  deviation  of  the  measured  signal.  Even 
though  the  spectrometer  and  photomultiplier  tube  were 
shielded  from  the  radiation  of  the  combustor,  there  was 
sufficient  thermal  loading  to  cause  considerable 
background  instrument  noise  that  changed  during  a  test. 
Consequently,  an  average  background  was  obtained  for 
each  set  of  OH  emission  measurements.  An  average 
background  was  obtained  from  20,000  data  points 
collected  after  each  test  with  the  entrance  to  the 
spectrometer  blocked  The  average  background  signal  was 
subtracted  from  each  of  the  uv  signal  data  points  to  obtain 
as  representative  a  set  of  uv  emission  data  as  possible. 

Laser-Induced  Fluorescence  OJB.  A  thin  sheet 
of  laser  light  was  also  used  to  capture  instantaneous  (10 
ns)  two  dimensional  images  of  the  flame  and  flow 
structure  from  the  laser  induced  fluorescence  (LI F) 
emission  of  OH.  A  frequency  doubled  Nd-Yag  laser  was 
used  to  generate  a  uv  laser  beam  at  about  283  nm.  This 
frequency  was  used  to  pump  a  fluorescence  transition  of 
OH  which  resulted  in  a  LXF  signal  at  about  308  nm.  As 
in  the  TiCl4  seeded  experiments,  the  plane  of  the  laser 
light  bisected  the  centerline  of  the  test  section.  A 
384x576  element  intensified  CCD  camera,  located  normal 
to  the  laser  sheet,  was  used  to  capture  the  rather  faint 
images  from  the  laser  induced  OH  fluorescence.  The 
intensified  CCD  camera  was  able  to  capture  the  full  width 
of  the  optical  window,  but  was  limited  in  vertical  height 
to  about  a  77  mm  section  of  the  combustor.  To  get  a 
more  complete  record  of  the  OH  images,  data  were 
collected  at  four  axial  locations:  0  mm,  75  mm,  150  mm, 
and  225  mm. 

Tbin-Filament  Pyrometer  (TFP).  A  thin- 
filament  pyrometer  was  used  to  study  the  time  variations 
in  temperature  of  the  flame  near  the  inlet  of  the 
combustor.  The  14  pm  S1C4  filament  is  capable  of 


measuring  temperatures  at  high  sampling  rates  and  is 
described  in  detail  in  [7],  The  filament  was  not  calibrated 
for  these  studies  and  was  used  only  to  indicate  relative 
temperatures.  The  emissivity  of  the  SiC4  filament  is 
independent  of  temperature  which  means  that  the  intensity 
of  the  radiation  from  the  filament  is  exponentially 
proportional  to  the  temperature  as  determined  by  Planck's 
blackbody  radiation  law.  The  response  time  of  the 
filament  is  of  the  order  of  700  Hz,  which  causes  the 
intensity  signal  from  the  filament  to  rise  and  fall  as  the 
temperature  varies  inside  the  combustor.  The  lower 
detectable  temperature  limit  of  the  filament  was  about 
1300  K,  based  on  past  experiences  [7].  The  radiation  from 
a  chosen  filament  was  imaged  onto  a  single  InGaAs 
photodiode  detector  through  the  use  of  a  cylindrical  lens 
and  a  rotating  mirror.  The  filament  was  located  about  1 
cm  above  the  exit  of  the  fuel-air  jet.  The  filament 
radiation  scanned  and  imaged  with  256  pixels,  digitized, 
and  stored  during  each  gated  scan.  For  a  fixed  optical 
layout,  the  physical  length  scanned  can  be  adjusted  by 
changing  the  mirror  scan  rate  and  the  digitization  rate. 
This  scanned  length  divided  by  256  yields  the  pixel 
resolution.  In  this  study  the  pixel  resolution  was  -  75 
pm. 

To  achieve  the  high  sampling  rates  used  in  this 
experiment,  a  transient  recorder  was  used.  The  output 
signal  from  the  InGaAs  detector  was  amplified  and  fed  into 
the  memory  unit  of  the  transient  recorder.  During  the 
gated  time  period,  256  bytes  of  data  were  digitized  at  a 
selected  rate  in  the  range  1-4  Mbyte/s.  The  digitized 
data,  which  can  be  used  to  derive  the  line  temperature 
profile,  were  then  fed  into  a  micro  computer  for  data 
processing  and  storage.  For  this  study,  the  line  TFP 
signal  was  scanned  at  250  and  500  lines  per  second.  It 
was  found  that  inside  the  recirculation  zone  near  the  step 
surface,  the  flame  oscillation  occurs  at  very  low 
frequencies,  i.e.,  less  than  20  Hz.  Therefore,  only  the 
results  of  scans  at  250  lines  per  second  are  shown. 

From  the  stored  line  signal  taken  at  known  scan 
rate,  spectral  information  related  to  the  flame  oscillation 
can  be  obtained  by  spectral  analysis  using  fast  Fourier 
transform  (FFT).  For  example,  once  a  spatial  location 
was  chosen  for  the  spectral  analysis,  the  intensity  data 
corresponding  to  that  location  was  graphed  as  a  function 
of  time.  Then,  that  array  of  data  was  fed  into  an  FFT 
routine  to  yield  spectral  density.  The  FFT  results  are  used 
to  identify  significant  frequency  patterns  in  the 
temperature  signal  produced  by  the  filament. 

CFD  MODEL  DESCRIPTION 

Both  the  nonreacting  and  the  reacting  flows  in  the 
research  combustor  are  numerically  simulated  using  a  not- 
yet-published  CFD  code  that  is  capable  of  predicting 
nonequilibrium  and  weakly  compressible  flows.  It  uses  a 
non-staggered  grid  system  and  solves  time -dependent 
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governing  equations  that  are  written  in  cylindrical  polar 
coordinate  system.  An  isotropic  k-e  turbulence  model  has 
been  used.  When  Ns  number  of  species  are  considered  in 
the  given  problem  then,  this  two-dimensional  code  solves 
(Ns+5)  governing  equations  namely;  two  momentum, 
continuity,  turbulent  energy,  turbulent  energy  dissipation, 
enthalpy  and  (Ns-1)  species  conservation  equations. 
Density  is  obtained  from  the  state  equation  while  pressure 
is  directly  obtained  by  solving  the  Poission  pressure 
equation  instead  of  the  continuity  equation.  One  species 
mass  fraction  is  always  determined  from  the  global  species 
continuity  equation.  The  specific  enthalpy  of  each  species 
is  calculated  from  a  polynomial  curve-fit  In  the  present 
version  of  the  code,  all  the  species  transport  properties 
such  as  viscosity,  thermal  conductivity  and  diffusivity  are 
assumed  to  be  constant  and  identical  to  those  of  nitrogen. 

The  finite-difference  form  of  the  nondimensional 
governing  equations  are  obtained  by  using  a  hybrid 
numerical  scheme  [8].  In  general,  it  uses  central 
differencing  for  the  convective  terms  everywhere  in  the 
flow  domain  except  at  the  locations  where  the  local  Peclet 
number  falls  below  2.  In  these  regions  the  scheme 
automatically  switches  over  to  an  upwind  or  back  wind 
differencing  to  improve  the  convergence.  Even  though  all 
the  governing  equations  are  solved  in  an  uncoupled 
manner,  the  turbulence  equations  and  the  species 
conservation  equations  are  coupled  through  the  source 
terms  in  the  solution  process.  Solution  for  the  system  of 
algebraic  equations  deduced  from  each  governing  equation 
at  all  grid  points  is  obtained  by  adopting  an  Alternate 
Direct  Implicit  (ADI)  technique.  When  the  grid  aspect 
ratio  (Dx/Dr)  is  large,  this  ADI  technique  fails  to 
converge.  To  circumvent  this  problem,  the  u-momentum 
equation  is  solved  using  a  point-relaxation  scheme. 
Finally,  the  usual  no  slip,  adiabatic  and  chemically  inert 
wall  boundary  conditions  are  made.  Also  the  wall 
functions  approach  [9]  is  employed  to  avoid  grid 
clustering  near  the  walls. 

In  the  present  analysis  for  the  combusting  flows,  a 
simple  global  reaction  scheme  involving  propane, 
oxygen,  water,  caibon  dioxide  and  inert  nitrogen  species  is 
used  and  is  expressed  as  follows: 

C3H8+5O2  +  N2  =>  4H20  +  3C02  +  N2  (Rl) 

The  specific  reaction  rate  is  written  in  Arrhenius  form  and 
the  pre-exponential  is  adjusted  to  match  the  peak 
temperatures  for  the  experimentally  measured  propane 
diffusion  flames. 

Parabolic  velocity  profiles  have  been  specified  at  the 
inlets  of  the  fuel  and  air  tubes.  During  cold  flow 
simulations,  the  air  jet  is  replaced  with  a  pure  oxygen  jet 
and  the  thermophysical  properties  of  both  propane  and 
oxygen  are  set  equal.  This  enables  identification  of  fuel 
mixing  patterns  when  there  is  no  flame.  Ail  the  cold  flow 


simulations  are  made  on  a  89  x  46  uniformly  spaced  grid 
system,  whereas  the  reacting  flow  solutions  are  obtained 
on  a  relatively  coarse  mesh  having  40  x  40  nodes.  Due  to 
the  small  recirculation  bubble  in  the  fuel  jet,  calculations 
are  made  with  a  Courant-Friedrichs-Lewy  (CFL)  number 
close  to  0.9  and  the  converged  solution  is  obtained  after 
several  thousand  time  steps. 

RESULTS 

Visual  Qb5<^ati9flSt  When  operated  in  a  very 
fuel  rich  mode  with  gaseous  propane  fuel,  the  flame  is 
very  stable  and  is  attached  to  the  bluff  body  near  the  outer 
edge  of  the  air  tube.  Figure  2a  shows  a  photograph  of 
such  an  attached  flame  at  a  fuel  equivalence  ratio  (<|>)  of 
1.56,  As  <J>  is  reduced,  the  flame  becomes  less  stable,  and 
eventually  reaches  a  point  where  it  detaches  (lifts)  from 
the  base  region,  and  is  stabilized  about  150  mm 
downstream  on  the  outer  recirculation  zone  as  shown  in 
Fig.  2b.  The  end  of  the  outer  recirculation  zone  is 
located  at  a  height  very  near  the  base  of  the  very  bright 
flame  zone  shown  in  Fig.  2b.  As  the  fuel  equivalence 
ratio  is  further  reduced,  the  flame  becomes  very  unstable, 
and  eventually  blows  out.  The  lean  blowout  limit  was 
found  [1]  to  closely  correspond  to  a  fuel  equivalence  ratio 
($  =  0.5)  very  close  to  the  lean  flammability  limit  (<|>  = 
0.51)  of  the  propane  fuel  and  air  [2].  Other  studies 
suggest  the  combustor  may  behave  like  a  well  stirred 
reactor  [3,  4]  when  the  flame  is  in  the  lifted  condition 
[1,5,6]  .  The  instability  that  results  just  before  blowout 
appears  visually  to  correspond  to  a  longitudinal  oscillation 
of  the  lifted  flame  in  the  interfadal  shear  layers  of  the  jets. 
The  flame  lifting  process  is  required  before  lean  blow  out 
can  occur.  It  is  believed  that  an  understanding  of  how  the 
flame  attaches  and  detaches  from  the  combustor  at  rich  and 
lean  equivalence  ratios  will  provide  insight  into  the 
blowout  process. 

OH  Emissions.  The  time-average  view  of  the  flame,  as 
obtained  from  visual  observations  and  photographs  of  the 
flame,  clearly  illustrates  the  qualitative  effect  of  fuel 
equivalence  ratio  on  the  attached  and  lifted  flame  regimes 
of  the  burner.  However,  visual  observation  and 
conventional  photographic  techniques  were  unable  to 
quantify  the  precise  fuel  equivalence  ratio  where  the  flame 
transitioned  from  an  attached  flame  to  a  lifted  flame.  This 
was  made  difficult  by  the  stochastic  nature  of  the  flame, 
and  the  integrating  nature  of  observations  by  the  human 
eye.  At  a  given  fuel  equivalence  ratio,  the  flame  would 
appear  to  alternately  attach  then  lift  similar  to  what 
happens  near  lean  blowout  but  not  as  vigorously.  The 
visual  appearance  was  such  that  the  flame  appeared  to  be 
attached  most  of  the  time,  when  the  burner  was  operated 
very  fuel  rich;  and  lifted  most  of  the  time,  when  the 
burner  was  operated  near  or  below  a  stoichiometric  fuel 
equivalence  ratio.  Consequently,  a  measurement  technique 
was  sought  that  would  give  a  more  quantitative 
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measurement  of  the  fuel  equivalence  ratio  where  the  flame 
transitioned  from  an  attached  flame  to  a  fully  lifted  flame. 

It  was  reasoned  that  the  signal  obtained  from  the 
uv  emission  detection  device  described  in  the  Experimental 
Section  would  be  sensitive  to  the  spontaneous  OH  uv 
emission,  and  would  show  a  strong  signal  when  the  flame 
was  attached,  and  a  rather  weak  signal  when  the  flame  was 
lifted.  The  device  could  also  give  some  insight  into  the 
periodicity  of  the  flame  attachment  phenomena.  Visual 
observations  suggested  that  the  flame  would  be  attached 
for  some  period  of  time,  and  be  lifted  for  some  period  of 
time.  The  fraction  of  time  for  attachment  and  fraction  of 
time  for  lifted  flames  appear  to  be  a  function  of  fuel 
equivalence  ratio.  It  was  also  thought  that  the  intensity  of 
the  flame  (i.e.,  the  concentration  of  OH  in  the  flame) 
would  be  somewhat  proportional  to  the  fuel  equivalence 
ratio  -  a  higher  fuel  equivalence  ratio  should  lead  to  higher 
OH  concentration,  and  consequently,  a  higher  signal  as 
measured  by  the  device. 

Measurements  of  OH  emission  from  the  flame  in 
the  region  of  the  attachment  point  are  presented  in  Fig.  3. 
Both  the  mean  signal  intensity  and  the  standard  deviation 
of  the  signal  intensity  show  the  same  trends.  Reproduced 
data  points  show  that  the  data  were  very  repeatable.  In  the 
fuel  rich  region,  a  general  decrease  in  signal  intensity  with 
decreasing  fuel  equivalence  ratio  (decreased  fuel  flow  at  an 
air  flow  fixed  at  1000 1pm)  was  readily  apparent  down  to  a 
fuel  equivalence  ratio  of  about  1.05.  It  was  at  about  this 
fuel  equivalence  ratio  that  visual  observations  had 
suggested  that  the  flame  was  fully  lifted.  Further 
reductions  in  fuel  equivalence  ratio  cause  little  further 
change  in  the  signal  until  the  fuel  equivalence  ratio  falls 
below  about  0.8.  After  this  point,  the  signal  intensity 
continued  to  drop  as  the  flame  became  more  unstable,  and 
as  the  fuel  equivalence  ratio  approached  the  lean  blow  out 
limit  of  about  0.5. 

These  measurements  identify  the  two  operational 
regions  of  the  flame,  and  have  quantified  a  point  of 
demarcation  between  the  regimes  of  attached  and  lifted 
flames  at  a  fuel  equivalence  ratio  of  about  1.05. 
Measurements  at  higher  air  flow  rates  showed  different 
levels  of  signal  intensity,  but  the  curve  had  the  same 
characteristic  shape  shown  in  Fig.  3,  and  the  point  of 
demarcation  was  always  at  a  fuel  equivalence  ratio  of 
about  1.05  even  at  the  highest  air  flow  rate  tested,  which 
was  3000  1pm.  Consequently,  further  measurements  were 
performed  for  two  lifted  conditions  (the  point  of 
demarcation,  <(>  =  1.05  and  a  fuel  lean  case  $  =  0.78),  and 
at  two  fuel  rich  cases  where  the  flame  was  expected  to  be 
well  attached  ($  =  1.31,  and  <f>  =  1.56  respectively). 

RMS  Results.  Figure  4a  shows  an  example  of 
results  obtained  by  seeding  the  air  stream  with  TiCl4 
vapor  and  adding  moisture  to  the  fuel  tube.  The  flow 
conditions  were  30  Ipm  of  propane  and  1000  Ipm  of  air, 


which  gave  a  lifted  flame.  The  flame  is  stabilized  near  the 
end  of  the  recirculation  zone  and  is  not  visible  in  Fig.  4a. 
The  flow  structure  associated  with  the  flow  through  the 
fuel  tube,  the  eddies  in  the  shear  layer  between  the  fuel  jet 
and  the  annular  air  jet,  and  the  turbulent  structure 
downstream  are  clearly  evident.  It  appears  that  the 
turbulent  eddies  that  exist  between  the  fuel  and  air  jets  are 
of  about  the  same  scale  as  the  gap  between  the  edge  of  the 
fuel  tube  and  the  outer  diameter  of  the  annular  air  jet 

A  recirculation  zone,  where  there  is  a  high 
concentration  of  Ti02  particles,  is  also  observed  near  the 
fuel  tube  exit  in  Fig.  4a.  The  recirculation  zone  is  similar 
to  that  formed  behind  bluff  bodies  and  originates  in  much 
the  same  way.  The  high  velocity  annular  air  jet  expands 
and  entrains  surrounding  fluid  as  it  enters  the  combustion 
chamber.  The  entrainment  requirements  of  the  air  jet 
cannot  be  satisfied  by  the  relatively  small  mass  of  fuel 
exiting  the  fuel  jet  and  the  air  fuel  mixture  turns  back  on 
itself  and  is  entrained  back  into  the  air  jet  much  like  the 
flow  behind  a  bluff  body.  The  recirculation  zone  appears 
to  be  somewhat  egg-shaped  and  is  very  unstable.  At 
relatively  low  fuel  flow  rates,  it  would  momentarily  attach 
at  one  location  on  the  edge  of  the  fuel  tube  and  then  move 
to  another  location.  It  seemed  to  dance  back  and  forth 
around  the  fuel  tube,  always  being  attached  to  one  edge  or 
another,  however,  there  appeared  to  be  one  location  where 
it  preferentially  attached.  This  egg-shaped  recirculation 
can  be  seen  in  Fig.  4a,  and  appears  to  be  attached  to  the 
right  side  of  the  fuel  tube.  This  appears  to  be  a  low 
Reynolds  number  effect  since  an  increase  in  fuel  flow 
caused  the  recirculation  zone  to  lift  out  of  the  fuel  tube, 
reduce  in  size,  and  became  more  or  less  stable  in  a 
location  on  the  centerline  of  the  burner  above  the  jet  exit 

CFD  Model  Results.  The  steady  state  CFD 
streamline  calculation  in  Fig.  4b  also  shows  the 
recirculation  zone  at  the  base  of  the  fuel  jet.  The 
calculation  is  for  a  nonreacting  flow  of  air  in  both  the 
annular  and  central  jets  but  for  the  same  volumetric  flow 
conditions  as  the  reacting  flow  shown  in  Fig.  4a.  The 
nonreacting  flow  calculation  seems  appropriate,  since  in 
the  combusting  flow  case,  the  lifted  flame  sits  near  the 
end  of  the  outer  recirculation  zone  and  no  reaction  is 
taking  place  in  the  near  field  shown  in  Fig.  4b.  The 
spatial  scales  for  Figs.  4a  and  4b  are  about  the  same  so 
only  the  flow  observed  in  the  width  of  the  combustion 
chamber  window  is  shown.  The  calculated  recirculation 
zone  has  about  the  same  size  and  shape  as  that  determined 
experimentally  and  shown  in  Fig.  4a.  Also,  the 
streamlines  converge  towards  the  centerline  just  above  the 
recirculation  zone  much  like  the  experimentally  observed 
shear  layer.  However,  the  calculated  streamlines  do  not 
diverge  further  downstream  as  is  observed  experimentally. 

The  outer  or  step  recirculation  zone  plays  a  major 
role  in  characterizing  the  performance  of  the  research 
combustor.  The  recirculation  zone  is  critical  to  the 
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understanding  of  the  attached  flame  because  it  is 
responsible  for  the  transport  of  unbumed  fuel  and  hot 
products  that  maintain  this  flame.  In  the  case  of  a  lifted 
flame  as  shown  in  Fig.  4af  it  is  particularly  important  to 
understand  how  much  fuel  and  air  are  transported  into  the 
recirculation  zone.  This  may  determine  whether  a 
flammable  fuel  to  air  mixture  might  exist  in  the 
recirculation  zone.  If  so,  the  flame,  stabilized  at  the  end  of 
the  recirculation  zone,  could  ignite  and  flash  back  towards 
the  face  of  the  combustor.  Such  a  process  can  be 
envisioned  as  being  responsible  for  the  low  frequency 
oscillation  of  the  lifted  flame  that  will  be  reported  later.  It 
seems  appropriate  to  use  the  model  in  a  nonreacting  flow 
simulation  to  examine  the  characteristics  of  the 
recirculation  zone  for  the  lifted  flame. 

The  calculated  steady-state  or  time-averaged 
streamlines  and  fuel  mixture  fraction  contours  for  a 
nonreacting  flow  in  the  combustor  are  shown  in  Fig.  5a. 
The  calculation  is  for  the  same  nonreacting  flow  condition 
as  shown  in  Fig.  4b.  The  zero  axial  velocity  surface  and 
the  vortex  center  are  important  to  the  understanding  of  the 
fuel  and  air  transport  around  the  recirculation  zone  and  are 
also  shown  in  Fig.  5a.  As  noted  by  the  radial  component 
of  the  fuel  mass  flux  vector  on  the  zero  axial  velocity 
surface,  the  fuel  is  being  transported  out  of  the 
recirculation  zone  at  axial  locations  up-stream  of  the 
vortex  center  and  is  transported  into  the  recirculation  zone 
at  axial  locations  downstream  of  the  vortex  center.  The 
magnitude  of  the  radial  component  of  the  fuel  flux  vectors 
suggests  that  the  largest  transport  of  fuel  into  the  outer 
recirculation  zone  occurs  near  the  attachment  point  and  the 
largest  transport  out  of  the  recirculation  zone  occurs  near 
the  face  of  the  combustor.  The  fraction  of  fuel  at  different 
axial  locations  can  be  obtained  by  integrating  the  mass 
flux  between  the  outer  wall  and  the  zero  axial  velocity 
surface.  A  plot  of  the  integrated  mass  fraction,  shown  in 
Fig.  5b,  peaks  at  an  axial  location  very  near  that  of  the 
vortex  center.  Although  not  shown,  the  integrated  air 
mass  fraction  in  the  recirculation  also  peaks  at  an  axial 
location  corresponding  to  the  vortex  center.  The 
integrated  fuel  to  air  ratio  in  the  recirculation  zone  as  a 
function  of  axial  location  is  also  shown  in  Fig.  5b.  The 
fuel  to  air  ratio  is  larger  near  the  end  of  the  recirculation 
zone  and  decreases  as  the  flow  is  transported  back  towards 
the  combustor  base.  The  fuel  to  air  ratio  is  essentially 
constant  once  the  reverse  flow  passes  the  vortex  center. 
This  constant  fuel  to  air  ratio  in  the  near  field  of  the 
recirculation  zone  is  about  the  same  as  the  inlet  fuel  to  air 
ratio.  The  stoichiometric  fuel  to  air  ratio  by  mass  is 
0.0638  and  the  largest  fuel  to  air  ratio  in  the  recirculation 
zone  is  0.023  which  is  below  the  flammability  limit  of 
0.0319.  Thus,  a  flammable  mixture  does  not  exist  for  this 
condition  in  the  recirculation  zone,  according  to  the 
calculation.  , 

Additional  nonreacting  flow  calculations  show 
that  the  trends  noted  in  Fig.  5  also  apply  for  other  fuel  and 


air  flow  rate  conditions.  The  fuel  to  air  ratio  in  the 
recirculation  zone  is  of  prime  importance  because  it 
determines  whether  a  flammable  mixture  exists  that  might 
flash  back  into  the  recirculation  zone  if  ignited.  Plots  for 
the  fuel  to  air  ratio  at  the  end  of  the  recirculation  zone  and 
at  the  face  of  the  combustor  are  shown  in  Fig.  6.  Inlet  air 
flow  rates  of  1000  and  3000  1pm  were  used  in  these 
calculations.  The  fuel  to  air  normalization  appears  to  be 
good  choice  and  there  was  no  impact  of  air  flow  rate  on 
the  plotted  results.  The  model  predicts  that  there  will  be  a 
linear  relationship  between  the  fuel  to  air  ratio  in  the 
recirculation  zone  and  inlet  fuel  to  air  ratio.  Indeed,  the 
calculations  suggest  that  the  recirculation  zone  behaves 
something  like  a  well  stirred  reactor  with  the  fuel  to  air 
ratio  in  the  near  region  of  the  recirculation  zone  being 
approximately  the  same  as  the  inlet  fuel  to  air  ratio  even 
though  the  sources  of  fuel  and  air  into  the  combustor  are 
different 

The  isotherms  and  streamlines  calculations  for  an 
attached  flame  are  shown  in  Fig.  7.  Comparisons  of 
Figs.  5a  and  7  illustrate  that  the  recirculation  zone  for  the 
combusting  flow  is  much  smaller  than  for  the  nonreacting 
case.  The  attachment  point  of  the  zero  axial  velocity 
surface  at  the  face  of  the  combustor  is  located  much  closer 
to  the  wall  than  that  for  the  nonreacting  case.  This  is  not 
understood  but  may  be  associated  with  the  large 
volumetric  expansion  of  the  heated  gases.  The  shape  of 
the  experimental  flame  surface,  as  taken  from  photographs 
like  that  shown  in  Fig.  2,  and  the  computed  flame  surface 
are  also  shown  in  Fig.  7.  The  calculated  and  measured 
flame  surfaces  nearly  coincide  for  axial  locations  above  50 
mm.  However,  the  calculated  and  measured  locations  of 
the  attachment  point  at  the  combustor  face  are  different. 
Experimentally,  the  flame  attaches  at  the  outer  edge  of  the 
step;  whereas,  in  the  calculation,  the  flame  attaches  near 
the  edge  of  the  fuel  jet  The  calculations  are  obviously 
reflecting  the  incomplete  physics  and  chemistry  that  have 
been  put  into  the  model.  Indeed,  the  calculation  does  not 
require  any  high  temperature  sources  or  flammable  fuel 
and  air  mixture  ratios  in  order  to  bum.  Also,  there  is  no 
provision  for  incomplete  combustion  in  a  computational 
cell  except  when  fuel  remains  unbumed  because  the  local 
equivalence  ratio  is  larger  than  one.  However,  attempts 
have  been  made  to  put  these  features,  as  well  as  wall 
quenching  effects,  into  a  CFD  model.  The  result  is  that 
the  flame  always  appears  to  attach  near  the  edge  of  the  fuel 
tube.  Even  when  the  rate  of  chemical  reaction  is  slowed 
down,  it  was  not  possible  to  get  the  flame  to  attach  in  a 
way  similar  to  that  observed  experimentally.  Indeed,  it  is 
difficult  to  understand  the  physics  and  chemistry  that  lead 
to  an  attached  flame  on  the  step  side  of  the  air  jet .  This 
difficulty  will  be  considered  in  the  Discussion  Section. 
However,  for  present  purposes  it  is  suggested  that  the 
source  of  the  difficulty  may  be  associated  with  an 
intermittent  property  of  the  flame.  This  line  of  thinking 
led  to  using  diagnostic  techniques  that  provide  the 
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temporally  and  spatially  resolved  measurements  reported 
below. 

LIF  Results.  A  series  of  images  were  obtained  at 
four  axial  locations  (0,  75,  150,  and  225  mm)  and  at  four 
propane  flow  rates  (30,  41,  52,  and  63  1pm).  These  fuel 
flow  rates  corresponded  to  equivalence  ratios  of  $  =  0.78, 
1.05,  131,  and  1.56,  respectively.  Two  of  the  flow  rates 
corresponded  to  a  lifted  flame  (<)>  =  0.78  and  1.05),  and  the 
other  two  corresponded  to  an  attached  flame  ($  =  1.31,  and 
1.56)  These  images  have  been  used  to  examine  the 
location  and  shape  of  the  flame  zones  in  the  burner.  An 
example  of  an  image  for  the  attached  flame  when  $  =  1.56 
is  shown  in  Fig.  8.  The  image  shows  regions  of  high 
OH  concentration,  and  consequently  illustrates  the  actual 
flame  structure  that  existed  during  the  10  ns  exposure. 
Note  that  the  OH  appears  to  be  concentrated  in  vortex 
structures  that  are  apparently  shed  from  the  rearward  facing 
step.  There  is  evidence  that  the  vortices  merge  and  the 
burning  becomes  more  intense  as  they  move  downstream. 
This  is  suggested  by  the  vortex  train  on  the  left  side  of  the 
step.  The  flame  surface,  as  marked  by  the  OH 
fluorescence,  is  not  continuous  but  has  holes  that  appear 
to  be  located  in  the  braid  region  of  the  vortex  train.  The 
flame  is  not  symmetric  in  an  instantaneous  view. 
Rayleigh  scattering  from  the  fuel  is  also  apparent  and 
some  scattered  light  from  the  edge  of  the  windows  can 
also  be  observed.  Nevertheless,  the  instantaneous  image 
of  the  flame  at  axial  locations  between  0  and  70  mm 
clearly  indicates  the  complex  structure  of  the  flame  and  the 
importance  of  thinking  about  the  combustion  processes  in 
a  dynamic  way  instead  of  on  a  time-averaged  basis. 

A  sequence  of  images  at  different  equivalence 
ratios  and  at  different  axial  locations  is  presented  in  Fig. 
9.  The  four  images  at  the  extreme  left  of  Fig.  9 
correspond  to  a  fuel  flow  rate  of  30  1pm.  They  show  no 
OH  image  in  the  two  regions  from  0  to  152  mm. 
Significant  OH  emission  (flame)  is  apparent  in  the  region 
from  150  mm  to  227  mm  and  evidence  of  a  rather  thick 
flame  zone  exists  in  the  shear  layers  shown  in  the  region 
from  225  mm  to  302  mm.  It  is  clear  from  this  set  of 
images  that  the  flame  is  lifted,  and  is  being  stabilized  by 
the  outer  recirculation  zone.  Examination  of  the  images 
at  the  four  different  axial  positions  that  correspond  to  a 
fuel  flow  rate  of  41  1pm  show  a  similar  trend,  i.e.,  no  OH 
flame  structure  in  the  region  from  0  to  152  mm,  but 
significant  flame  stabilized  by  the  outer  recirculation  zone 
in  the  regions  above  150  mm.  There  is  a  faint  image  in 
the  primary  fuel  jet  that  shows  some  evidence  of  the  jet 
mixing  structure  between  the  fuel  and  air  jets.  Flame  has 
never  been  seen  visually  in  this  region.  Consequently, 
this  image  has  been  caused  by  a  mechanism  other  than 
LIF.  This  image  is  thought  to  have  been  caused  by 
Rayleigh  scattering  of  the  dye  laser  beam  by  the  propane 
in  the  fuel  tube. 


The  two  sets  of  images  on  the  right-hand  side  of 
Fig.  9  correspond  to  conditions  for  an  attached  flame  (4>  = 
1.31  and  1.56).  Not  only  has  the  intensity  of  the  OH 
emission  in  the  two  downstream  zones  increased,  but  there 
is  OH  emission  evident  for  both  <t>'s  in  the  regions 
between  0  and  152  mm.  In  the  bottom  region  (0  to  77 
mm),  the  OH  emission  shown  in  the  moderately  attached 
case  ($  =  131)  is  not  continuous,  but  shows  some 
evidence  of  being  fragmented  and  only  partially  attached. 
This  is  consistent  with  visual  observations  where  the 
flame  seemed  to  be  attached  part  of  the  time,  and  lifted 
part  of  the  time.  The  OH  emission  shown  in  the  <|>  = 
1.56  case  between  0  and  77  mm  clearly  shows  the  sheet 
like  nature  of  the  flame  zone,  and  also  shows  that  the 
flame  is  wrapped  up  into  one  of  the  vortices  associated 
with  the  eddy  mixing  between  the  fuel  and  air  jets. 

The  thin  flame  structure  near  the  entrance  to  the 
combustor  in  the  well  attached  flame,  $  =  1.56,  is  clearly 
evident  in  Fig.  9  (also  see  Fig.  8).  However,  the  flame 
zone  appears  to  thicken  in  the  downstream  locations.  The 
discontinuous  and  unsymmetrical  nature  of  the  flame  is 
also  apparent  in  all  of  the  images.  The  packets  of  flame 
appear  to  be  increasing  in  size  as  the  flame  progresses 
downstream.  One  might  speculate  that  these  flame 
packets  represent  vortices  that  have  merged. 

These  observations  suggest  that  the  flame  will  be 
attached  or  lifted  depending  on  the  fuel  equivalence  ratio 
and  attachment  between  the  lifted  point  of  demarcation  and 
the  well  attached  flame  is  periodic  with  the  degree  of 
attachment  increasing  as  the  fuel  equivalence  ratio  is 
increased  above  $  =  1.05.  These  results  also  suggest  that 
the  major  heat  release  in  the  reactor  occurs  in  the  region 
above  about  150  mm  whether  the  flame  is  attached  or 
lifted. 

Tbin-Filament  Pyrometer  Results.  A  time 
sequence  of  nearly  instantaneous  radial  profiles  of  relative 
temperature  1  cm  above  the  face  of  the  combustor  is 
shown  in  Fig.  10  at  an  equivalence  ratio  of  1.56  and  an  air 
flow  of  1000  1pm.  Each  profile  was  obtained  in  266  ps 
and  are  separated  by  8  ms.  Approximately  one  period  of 
the  time  evolving  profile  is  shown.  The  graybody 
radiation  intensity  profiles  along  a  SiC4  filament  were 
obtained  using  a  rotating  mirror  arrangement,  as  described 
in  the  Experimental  Section.  The  intensities  are 
proportional  to  the  instantaneous  temperatures  along  the 
filament  with  a  resolution  in  the  radial  direction  of  better 
than  75  pm.  Visual  observations  of  the  glow  of  the 
filament  indicated  that  a  temperature  region  of  1300  K  or 
more  extended  from  near  the  edge  of  the  step  to  about  20 
mm  from  the  wall  of  the  combustor.  However,  the 
combustion  chamber  window  limited  the  radial 
observation  of  the  filament,  when  the  rotating  mirror  was 
used.  The  zero  radial  position  in  Fig.  10  is  the 
approximate  location  of  the  edge  of  the  step  that  is  20 
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mm  from  the  combustor  centerline.  The  sharp  drop  in 
intensity  at  15.5  mm  denotes  the  edge  of  the  window. 

Figure  10  shows  that  the  flow  behind  the  step  is 
hot  (e.g.,  higher  than  the  cut-off-temperature  of  1300  K) 
all  the  time,  and  that  the  temperature  peaks  at  different 
radial  location  in  time.  The  temperature  peak  is  about  5 
mm  wide  and  is  believed  to  be  associated  with  the  visible 
flame  shown  in  Fig.  2a  and  the  LIF  image  in  Figs  8  and 
9.  Indeed,  the  radial  motion  of  the  temperature  peak  may 
be  the  result  of  vortices,  like  those  shown  in  Figs.  8  and 
9,  convecting  pass  the  measurement  station.  If  this  is  the 
case,  the  radial  displacement  of  the  temperature  peak  can 
be  taken  as  the  width  of  the  vortices  at  about  10  mm 
above  the  combustor  face.  This  scale  is  about  4  mm  and 
is  comparable  to  the  size  of  the  vortices  shown  in  Figs  8 
and  9.  The  average  radial  location  of  the  mean  temperature 
peak  is  approximately  4  mm  from  the  edge  of  the  step. 

The  intermittent  nature  of  the  flame  was 
investigated  by  observing  the  gray  body  radiation  at  one 
location  on  the  filament  Time  traces  and  frequency  data 
are  shown  for  both  attached  and  lifted  flames  in  Fig.  11a 
and  lib,  respectively.  In  both  flames,  there  appears  to  be 
an  intermittent  process  that  brings  hot  products  down  near 
the  face  of  the  combustor  at  a  low  frequency  rate  of  less 
than  10  Hz,  which  is  similar  to  the  period  for  the  time 
traces  shown  in  Fig.  10.  There  was  a  continuum  of 
frequencies  above  25  Hz  that  continued  for  several  hundred 
Hz  but,  no  distinguishing  high  frequency  peaks  were 
observed  in  the  TFP  spectra. 

DISCUSSIONS 

Results  of  this  study  show  that  the  operation  of 
the  combustor  is  very  complex.  The  combustor  operates 
in  two  distinct  modes.  In  one  mode,  the  flame  is  attached 
to  the  face  of  the  combustor  near  the  edge  of  the  step. 
Figs.  2a.  and  7.  In  the  second  mode,  the  flame  is 
stabilized  downstream  near  the  end  of  the  recirculation 
zone  established  by  the  step.  Fig.  2b.  The  sheet  lit  LIF 
visualizations  of  OH  in  Figs.  8  and  9  and  the  TFP 
measurements  in  Figs  10  and  11  show  that  even  when  the 
flame  is  fully  ’’attached",  there  is  a  degree  of  lifting,  i.e., 
the  flame  fluctuates  between  an  attached  mode  and  the 
lifted  mode  with  some  degree  of  periodicity.  The 
spontaneous  OH  emissions  measurement  in  Fig.  3 
suggests  that  when  the  inlet  flow  equivalence  ratio  is 
greater  than  1.05,  the  flame  is  attached  most  of  the  time, 
whereas  it  is  lifted  most  of  the  time  when  the  equivalence 
ratio  is  less  than  this.  As  the  equivalence  ratio  nears  0.5, 
the  flame  becomes  very  unsteady  to  the  eye  and  goes  out. 
This  lean  blow  out  limit  is  about  the  same  as  the  lower 
flammability  limit  of  propane  and  air  mixtures. 

The  modeling  results  shown  in  Figs.  5-7, 
provide  some  insights  into  the  time  averaged  flow  field, 
but  considerable  difficulties  have  been  encountered  in 


correctly  predicting  the  attached  flame  condition.  The 
problem  is  that  the  model  does  not  predict  sufficient 
entrainment  of  fuel  into  the  step  recirculation  zone  to 
stabilize  a  flame  on  the  face  of  the  combustor,  near  die 
edge  of  the  step.  Attached  flames  are  observed  at  fuel  rich 
conditions  and  the  model  predicts  that  almost  all  of  the 
excess  fuel  exits  the  combustor  unburned.  The  challenge 
is  to  understand  the  physics  and  chemistry  responsible  for 
the  entrainment,  mixing,  transport,  and  combustion  of 
fuel  and  hot  products  into  the  step  recirculation  zone  so 
that  a  physically  sound  model  can  be  developed. 
Unfortunately,  the  presented  results  are  not  sufficient  to 
establish  a  confident  explanation  of  the  observed 
characteristics  of  this  research  combustor.  However,  there 
is  sufficient  information  to  allow  some  speculation  about 
the  possible  causes  of  the  observed  effects. 

Figure  12  illustrates  the  authors'  postulate  of  the 
key  characteristics  of  the  reacting  flow  field  of  the  research 
combustor.  Several  zones  of  distinct  thermal/fluid  action 
are  identified.  In  the  reported  experiments,  the  air  flow 
rate  (1000  1pm)  is  much  higher  than  the  fuel  flow  rates 
(23,  30,  45,  and  63  1pm).  As  a  result,  a  fuel  jet 
recirculation  zone  is  formed  at  the  fuel  jet  exit.  This  is 
also  indicated  in  the  CFD  model  results.  The  Rayleigh 
images  in  Figs.  8  and  9  show  that  only  a  small  percentage 
of  air  is  entrained  into  the  fuel  recirculation  zone  so  it  is 
probably  above  the  rich  flammability  limit  and  unable  to 
support  combustion.  Also,  the  computed  isotherms  in 
Fig.  7  show  that  the  temperature  in  the  fuel  recirculation 
zone  is  about  400  K,  which  is  not  sufficient  to  ignite  and 
sustain  a  flame  even  if  a  flammable  mixture  were  present. 

In  the  case  of  an  attached  flame,  intense 
combustion  and  mixing  is  taking  place  in  the  region 
where  the  shear  layers  of  the  step  and  fuel  jet  intersect. 
This  interaction  occurs  about  two  air  jet  diameters 
downstream  and  involves  the  merging  of  vortices  shed 
from  the  step  (air  jet)  and  the  fuel  jet.  The  vortex  merging 
is  believed  to  be  responsible  for  the  thickening  of  the 
flame  observed  in  Fig.  2a.  This  is  illustrated  between 
stations  2  and  3  in  Fig.  12.  The  intersection  of  the  shear 
layers  and  the  merging  of  flame  vortices  from  the  step  are 
clearly  shown  in  Fig.  8  at  a  distance  of  35  to  40  mm 
downstream.  This  is  illustrated  by  location  2  in  Fig.  12. 
It  was  observed  that  this  also  occurs  at  an  axial  location 
where  the  time  averaged  attached  flame  shown  in  Fig.  2a, 
extends  radially  toward  the  centerline  before  being  pulled 
toward  the  wall  by  the  outer,  or  step,  recirculation  zone. 
The  time  averaged  result  of  the  merging  of  the  vortices 
may  give  the  appearance  that  the  flame  moves  toward  the 
centerline.  Since  this  maximum  inward  motion  of  the 
flame  occurs  near  the  end  of  the  fuel  recirculation  zone 
established  behind  the  fuel  jet  the  two  events  may  be 
related. 

The  flame  established  in  the  merged  shear  layer 
between  locations  2  and  3  in  Fig.  12  is  being  fed  directly 
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by  fuel  coming  from  the  fuel  jet,  as  noted  in  Fig.  7. 
However,  this  region  of  intense  combustion  is  actually 
piloted  by  the  weaker  flame  that  is  attached  to  the  face  of 
the  combustor  near  the  edge  of  the  step  as  illustrated  by 
location  1  in  Fig.  12.  The  fuel  and  the  high  temperature 
combustion  products  that  sustain  the  attached  flame  appear 
to  come  from  the  step  recirculation  zone.  A  major  concern 
is  how  the  unbumed  fuel  crosses  the  intense  flame  zone  in 
the  shear  layer  of  the  step  and  enters  the  step  recirculation 
zone  without  being  consumed. 

Entrainment  of  a  rich  fuel  and  product  mixture 
into  the  step  recirculation  zone  for  the  attached  flame  is 
believe  to  involve  an  intermittent  process.  The 
entrainment  into  the  step  recirculation  zone  occurs  in  the 
merged  shear  layer  between  locations  2  and  3.  This  is  a 
region  of  intense  combustion.  However,  the  combustion 
process  is  discontinuous  in  that  it  involves  regions  of 
intense  burning  and  regions  where  there  appears  to  be 
holes  in  the  flame  as  shown  by  the  OH  images  in  Figs  8 
and  9.  The  holes  appear  to  be  formed  in  the  braid  regions 
of  the  vortex  train.  Stretching  and  fast  mixing  normally 
occur  in  the  braid  regions  which  might  lead  to  quenching 
of  the  flame  (i.e.  formation  of  holes)  by  finite  rate 
chemistry.  It  is  proposed  that  entrainment  into  the  step 
recirculation  zone  is  by  an  intermittent  process  involving 
discrete  packets  of  fuel  and  products.  Rich  fuel  packets 
may  be  transported  through  the  holes  into  the  recirculation 
zone  essentially  unburned.  The  probability  of  hole 
formation  increases  the  probability  that  unbumed  fuel  is 
transported  into  the  recirculation  zone.  This  probability  is 
extremely  high  in  the  shear  region  between  stations  2  and 
3.  TFP  data  shown  in  Figs.  10  and  11  indicate  that  the 
gases  in  the  recirculation  zone  are  sufficiently  hot  to 
ignite  the  fuel  if  oxygen  is  present.  Thus,  it  is  believed 
that  most  of  the  oxygen  is  consumed  in  the  shear  layer 
and  only  a  small  quantity  enters  into  the  recirculation 
zone.  The  predominance  of  fuel  over  oxygen  in  the 
recirculation  zone  is  favored  for  fuel  rich  inlet  conditions. 
This  is  believed  to  be  the  reason  why  the  attached  flame 
only  occurs  at  equivalence  ratios  greater  than  one.  The 
unbumed  fuel  is  mixed  with  the  hot  products  and 
transported  by  the  recirculation  zone  to  location  1  in  Fig. 
12.  The  hot  fuel  mixes  with  the  air  in  the  step  shear  layer 
and  bums  as  a  relatively  thin  flame  between  the  face  and 
location  2  shown  in  Fig.  12.  This  flame  may  be  fuel 
starved  at  discrete  times  due  to  the  intermittent  way  it  was 
initially  entrained  into  the  step  recirculation  zone.  Thus, 
the  flame  might  attach  and  lift  periodically,  which  is 
consistent  with  observation. 

As  the  inlet  fuel  equivalence  ratio  is  reduced,  a 
condition  will  develop  in  which  the  amount  of  fuel 
entrained  into  the  step  recirculation  zone  cannot  sustain 
the  flame  stabilized  at  location  1  in  Fig.  12.  Since  this 
pilots  the  flame  at  location  2,  the  flame  will  lift  and 
reestablish  near  location  3.  This  is  most  likely  to  occur 
at  fuel  lean  conditions,  since  very  little  fuel  will  be 


entrained  into  the  recirculation  zone.  Once  lifting  has 
occurred,  the  intense  mixing  of  fuel,  air,  and  hot 
combustion  products  from  the  step  recirculation  zone 
sustains  the  flame  which  becomes  more  like  a  premixed 
flame  than  a  diffusion  flame.  The  model  calculation  in 
Fig.  5  indicates  that  the  fuel  and  air  mixture  in  the 
recirculation  zone  under  noncombusting  conditions  will  be 
about  the  same  as  that  entering  the  combustor.  It  seems 
possible  that  intermittent  entrainment  of  hot  products 
could  ignite  the  fuel  and  air  mixture  in  the  step 
recirculation  zone.  This  would  result  in  a  premixed  flame 
propagating  to  the  face  of  the  combustor.  This  would 
account  for  the  measured  low  frequency  oscillations  (3  to 
10  Hz)  noted  in  the  TFP  data  in  Fig.  11. 

At  increasing  lean  inlet  conditions,  the  probabil¬ 
ity  of  having  insufficient  fuel  inside  the  step  recirculation 
zone  increases.  In  this  case,  the  flame  will  be  lifted  most 
of  the  time.  Decreasing  the  fuel  flow  rate  further  results 
in  a  fuel-air  mixture  in  the  recirculation  zone  that  is  too 
lean  to  support  combustion.  Although  intense  mixing  of 
the  fuel,  air,  and  combustion  products  is  taking  place  in 
the  primary  fuel-air  mixing  zone,  combustion  does  not 
take  place  because  there  is  not  sufficient  heat  and  unbumed 
combustion  products  coming  from  the  recirculation  zone 
to  sustain  a  flame.  Lean  blow  out  results. 

CONCLUDING  REMARKS 

The  operational  characteristics  of  a  step  stabilized 
research  combustor  designed  to  study  lean  blow  out 
processes  have  been  established  at  low  Reynolds  number 
conditions.  A  variety  of  measurement  techniques  and 
CFD  modeling  are  used  to  examine  both  the  time  averaged 
and  dynamic  nature  of  the  flame  for  a  wide  range  of 
equivalence  ratios.  The  flame  appears  to  be  attached  near 
the  combustor  face  at  the  edge  of  the  step  most  of  the 
time  for  equivalence  ratios  greater  than  1.05.  It  is 
stabilized  at  the  end  of  the  recirculation  zone  for  lower 
equivalence  ratios.  The  presented  measurements  are  not 
sufficient  to  establish  the  fundamental  processes 
responsible  for  this  behavior.  However,  they  do  show 
that  the  flame  established  near  the  mixing  layers  is  not 
continuous  in  space  and  time.  This  suggests  that  unbumed 
fuel  is  transported  into  the  recirculation  zone  in  discrete 
packets  in  an  intermittent  process  that  involves  holes  in 
the  flame.  Packets  of  hot  fuel  and  products  in  the 
recirculation  zone  are  mixed  and  transported  to  the  face  of 
the  combustor  where  they  are  mixed  with  the  air  in  the 
shear  layer  of  the  step.  The  fuel  and  air  is  sufficiently  hot 
that  an  attached  flame  results.  This  process  is  most  likely 
to  occur  at  fuel  rich  conditions.  At  lean  conditions, 
insufficient  fuel  is  entrained  into  the  recirculation  zone  to 
sustain  the  flame;  lifting  then  occurs, 

The  potential  importance  of  the  intermittent 
nature  of  the  burning  process  in  this  combustor  offers 
significant  challenges  to  conventional  combustion 
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models.  The  biggest  difficulty  is  to  correctly  model  the 
processes  responsible  for  entraining  and  transporting  fuel, 
products,  and  heat  into  and  out  of  the  recirculation  zone. 
The  models  must  account  for  mixing  of  fuel,  air,  and  hot 
products  by  relatively  large  vortices  in  the  shear  layers  of 
the  fuel  jet  and  air  jets.  Also,  they  must  account  for 
burning  in  the  voitex  structures,  holes  in  the  flame,  and 
intermittent  transport  and  mixing  of  fuel  and  hot  products 
into  the  recirculation  zone.  These  requirements  are 
believed  to  be  beyond  the  capabilities  of  the  current 
models. 
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Figure  2.  Photographs  of  Combustor  with  (a)  Attached  Flame  63  1pm  Propane,  <|>  =  1.56, 
and  (b)  Lifted  Flame  30 1pm  Propane,  <|>  =  0.78,  Air  =  1000  1pm. 
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Figure  3.  Relative  Intensities  of  OH  Emission  for  Different  Equivalence  Ratios  with 
Air  Flow  Rate  of  1000 1pm. 


(a)  (b) 


Figure  4.  a)  Laser  Sheet  Lighted  Image  of  TiC14  Seeded  Flame  1000 1pm  Air,  30 1pm  Propane, 
TiC14  Seed  in  Air,  H20  in  Fuel,  <t>  =  0.78.  b)  CFD  Model  Streamline  Calculations  for 
Nonreacting  Flow  Conditions  1000 1pm  Air  and  30 1pm  Air  in  the  Fuel  Jet. 
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reverse  How 


Fuel-Air  Ratio 


Figure  5.  a)  CFD  Calculations  of  Streamlines,  Fuel  Mass  Fraction  and  Zero  Axial 
Velocity  Surface  and  b)  Integrated  Fuel  Mass  Fraction  and  Fuel  to  Air  Ratio 
in  the  Recirculation  Zone  for  Air  in  Both  Fuel  and  Annular  Jets  with  ♦  =  0.78. 
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Figure  6.  Calculated  Fuel  to  Air  Ratio  in  the 
Recirculation  Zone  for  Nonreacting 
Flow  with  t  =  0.78  and  at  Axial 
Locations  Measured  by  the  Fraction 
of  the  Recirculation  Zone  Length  4. 
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Figure  7.  Calculated  Isotherms,  Streamlines 
and  Flame  Surface  for  Propane 
Flame  with  4  -  1  56. 
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Figure  8.  Image  of  Laser  Induced  OH  Fluoresence  for  the  Figure  9.  Images  of  Laser  Induced  OH  Fluoresence  at  Various  Axial 

Attached  Flame  with  63  1pm  Propane,  1000 1pm  Air,  <)>  =  1.56.  Positions,  and  at  Various  Fuel  Equivalence  Ratios  (1000 1pm  Air) 
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Figure  10.  TFP  Radial  Traces  at  Indicated  Times  Figure  1 1 .  Time  Trace  and  Spectrum  of  Filament, 
for  Filament  10  mm  Above  Face  of  10  mm  Above  Combustor  Face,  r  ~  4 

Combustor  with  «  =  1.56.  mm  from  Step,  4>  =  1.56. 


Figure  12.  General  flame/flow  characteristics  of  near-fieldof  research  combustor. 


250 


APPENDIX  G 


ASPECTS  OF  FLAME  STABILITY 
IN  A  RESEARCH  DUMP  COMBUSTOR 


By 

G  J.  Sturgess  and  D.  G.  Sloan 
Pratt  &  Whitney,  East  Hartford,  Connecticut 

P.O.  Hedman 

Brigham  Young  University,  Provo,  Utah 
D.T.  Shouse, 

WL/POSF  Wright-Patterson  Air  Force  Base,  Ohio 


Published  as  ASME  Paper  No.  94-GT-496,  June  1994. 


251 


THE  AMERICAN  SOCIETY  OF  MECHANICAL  ENGINEERS 
345  E.  47th  St,  New  York,  N.Y.  10017 

The  Society  shall  not  be  responsible  for  statements  or  opinions  advanced  in 
papers  or  discussion  at  meetings  of  the  Society  or  of  its  Divisions  or  Sections, 
or  printed  In  its  publications;  Discussion  is  printed  only  If  the  paper  is  pub¬ 
lished  in  an  ASME  Journal.  Papers  are  available  from  ASME  for  15  months 
after  the  meeting. 


Printed  in  US. A. 


94-GT-496 


ASPECTS  OF  FLAME  STABILITY 
IN  A  RESEARCH  DUMP  COMBUSTOR 


G.  J.  Sturgess  P.  O.  Hedman 

Pratt  &  Whitney  Brigham  Young  University 

East  Hartford,  Connecticut  Provo,  Utah 


D.  G.  Sloan 
Pratt  &  Whitney 
East  Hartford,  Connecticut 


D.  Shouse 
Wright  Laboratory 
Wright-Patterson  AFB,  Ohio 


ABSTRACT 

The  lean  blowout  process  is  studied  in  a  simplified,  nominally 
diffusion  flame,  research  combustor  that  incorporates  the  essential 
features  of  the  combustor  primaiy  zone  for  an  aircraft  gas  turbine 
engine.  The  research  combustor  is  provided  with  extensive  optical 
access.  To  investigate  the  blowout,  a  variety  of  diagnostic  techniques 
are  employed,  including  direct  flame  observation,  laser-Doppler 
anemometry,  spontaneous  OH-imaging,  thin-filament  pyrometry, 
laser-induced  fluorescence  OH-imaging,  coherent  anti-Stokes  Raman 
spectroscopy,  and  computational  fluid  dynamics.  Lean  blowouts  in 
the  research  combustor  are  related  to  well-stirred  reactor  blowouL  A 
blowout  sequence  is  found  to  initiated  by  the  loss  of  a  key  flame 
structure  in  the  form  of  an  attached  pilot  flame.  The  behavior  of  this 
attached  flame  is  investigated.  It  is  concluded  that  a  major  contribution 
to  the  existence  of  the  attached  flame  is  near- field,  non-stationary 
radial  transport  of  reactants  directly  into  the  recirculation  zone,  rather 
than  by  mean  flow  recirculation  of  hot  products.  "Lift"  of  the  attached 
flame  is  the  reason  that  lean  blowout  in  the  research  combustor  is 
related  to  well-stirred  reactor  blowout  since  it  allows  at  least  partial 
premixing  of  reactants  to  take  place  . 

NOMENCLATURE 

D  total  dissipation  rate  of  turbulence  kinetic  energy 
F  LongweU  temperature  correction  factor 
KEmean  loss  in  kinetic  energy  associated  with  distortion  of 
mean  velocity  profile 
LP  combustor  loading  parameter 

P  combustion  pressure 

T  reactant  temperature  at  inlet  to  reactor 
V  effective  reactor  volume 

ma  air  mass  flow  rate 

mf  fuel  mass  flow  rate 

mN2  excess  nitrogen  mass  flow  rate 

n  apparent  global  reaction  order 

ql  reactor  inlet  dynamic  head 

Wj  time-averaged  axial  velocity  component  at  reactor 
section  where  mean  velocity  profile  is  uniform 
x  combustor  co-ordinate  direction,  along  LDA  beam 
axis,  from  combustor  center 


y  combustor  co-ordinate  direction,  normal  to  LDA  beam 
axis,  from  combustor  center 
y*  dimensionless  law  of  the  wall’  co-ordinate 

maximum  value  of  cross-stream  co-ordinate  over 
which  mean  velocity  profile  varies 
z  combustor  co-ordinate  direction,  along  combustor 

centerline  from  plane  of  step 
A P  loss  in  total  pressure  across  reactor 

$  equivalence  ratio 

A  constant  about  0.03,  associated  with  eddy  size 
INTRODUCTION 

Combustion  stability  is  extremely  important  in  gas  turbine 
engines  for  aircraft  use.  However,  it  is  increasingly  more  difficult  to 
ensure  that  adequate  stability  margins  can  be  maintained  in  the  future 
because  of  current  design  trends  towards  improved  atomization  of 
liquid  fuel,  high  temperature  rise,  and  low  emissions  combustors,  and 
their  associated  technologies.  The  potential  difficulties  are  exacerbated 
by  the  lack  of  a  satisfactory  and  reliable  a  priori  prediction  procedure 
for  lean  blowout. 

To  address  the  developing  need,  the  U.S.  Air  Force  Wright 
Laboratory,  Aero  Propulsion  and  Power  Directorate  (WL/PO), 
Wright-Patterson  Air  Force  Base,  Ohio,  is  conducting  a 
comprehensive  joint  Government,  Industry  and  University  research 
program  aimed  at  improving  the  design  and  analysis  capabilities  for 
flame  stability  and  lean  blowout  (LBO)  in  the  combustors  of  aircraft 
gas  turbine  engines  ( Sturgess  et  al,  1991a). 

The  approach  adopted  in  this  program  is  a  step-by-step  one 
that  moves  from  giving  an  understanding  of  the  basic  flow  behavior  at 
blowout  in  a  simplified  environment,  through  progressively  more 
realistic  situations,  to  a  simplified  version  of  a  real  gas  turbine 
combustor.  The  experimental  portion  of  the  program  utilizes  three 
combustors  as  test  vehicles  to  achieve  this  progression.  These 
combustors  consist  of  a  research  combustor,  a  technology- 
development  combustor,  and  a  generic  gas  turbine  combustor.  The 
three  combustors  together  reflect  the  step-by-step  approach  that  is 
unique  to  this  program. 
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The  majority  of  the  published  work  on  flame  stability  is  for 
bluff-body  flameholders  of  various  types,  or,  for  well-stirred  reactors, 
as  reviewed  by  Lefebvre,  1983.  The  amount  of  experimental  data 
published  in  the  open  literature  for  practical  gas  turbine  combustors  is 
much  less  extensive,  and  systematic  investigations  are  largely  lacking, 
although  some  limited  investigations  for  can-type  combustors  are 
reported  by  Jeffs,  1962  and  Stewart ,  1956.  Almost  all  the  information 
on  the  annular-type  combustors  currently  used  for  aircraft  applications 
is  confined  to  relatively  inaccessible  private  company  reports. 


RESEARCH  COMBUSTOR  CONCEPT 

The  intent  of  the  research  combustor  was  to  study  the 
fundamentals  of  flame  stability,  and  specifically,  the  breakdown  of 
flame  stabilization  as  a  lean  blowout  is  approached.  To  facilitate  such  a 
study  it  was  essential  that  the  research  combustor  be  provided  with 
high  optical  access.  To  ensure  relevancy,  the  essential  features 
responsible  for  flame  stabilization  in  an  annular-configuration  gas 
turbine  combustor  were  to  be  incopjorated  in  the  design  of  the 
research  combustor,  while  preserving  geometric  simplicity  for 
subsequent  computational  fluid  dynamic  (CFD)  modeling,  together 
with  high  optical  access  for  direct  observation  and  interrogation  by 
laser  diagnostic  techniques. 

In  a  gas  turbine  combustor  flame  is  stabilized  by  means  of  a 
recirculating  flow  of  hot  gases  and  chemically-active  species  to  ensure 
continuous  ignition  of  entering  fresh  reactants.  The  recirculation  is 
generated  by  a  combination  of  three  mechanisms:  an  axial  swirling  air 
jet  associated  with  each  fuel  introduction,  sudden  expansion  of  the 
axial  swirling  jets  as  they  enter  the  combustor  at  its  front  end  with 
critical  swirl  number,  and,  back-pressure  provided  by  the  blockage  of 
an  array  of  radial  air  jets  at  some  downstream  distance  from  the  plane 
of  the  fuel  sources.  The  region  of  the  combustor  containing  the 
recirculating  flow  is  known  as  the  primary  zone.  The  arrangement 
of  these  flows  in  combustors  of  modem  Pratt  &  Whitney  design 
produces  an  "inside-out"  recirculation  pattern  (Figure  1).  A  small 
central  recirculation  zone  close  to  the  fuel  injector  can  also  exist  It  is 
not  visible  in  this  sketch  of  flow  patterns  observed  in  a  water  tunnel. 


Fig.  1  Bow  Patterns  in  a  Typical  Modem  Pratt  &  Whitney 
Combustor,  Showing  the  "Inside-Out"  Recirculation  Zone 


The  term  "inside-out"  follows  from  its  difference  to 
"conventional"  gas  turbine  combustor  recirculation  zones  as  described 
by  Lefebvre, 1983.  The  reason  for  the  inside-out  feature  of  the 
recirculation  is  associated  with  the  low  emissions  character  of  these 
modem  combustors  (Sturgess  et  al,  1993a  ). 


In  the  design  of  the  research  combustor  it  was  necessary  to 
reproduce  this  "inside-out"  recirculation.  However,  it  was  decided  not 
to  be  necessary  to  reproduce  swirl;  a  backward-facing  step  in  the 
combustor  wall  would  suffice  to  generate  the  required  recirculation.  In 
addition,  the  complications  that  would  have  resulted  from  the 
inclusion  of  the  radial  air  jets  were  avoided  by  simulating  their  back¬ 
pressure  by  means  of  an  exit-plane  orifice  plate  fitted  to  the  research 
combustor. 


As  an  overall  program  decision  it  was  decided  to  approach  the 
lean  blowout  problem  in  two  distinct  stages  -  initially,  with  gaseous 
fuels  (propane  and  methane),  and  then,  with  liquid  fuels  (ethanol  and 
JP8).  By  this  means  the  effects  of  liquid  fuel  atomization  and  spray 
evaporation  could  be  separated  from  the  aerothermochemical  effects. 
The  research  combustor  was  therefore  restricted  to  operation  on 
gaseous  fuels. 


RESEARCH  COMBUSTOR  DESCRIPTION 

The  research  combustor  consists  of  a  central  jet  of  gaseous 
fuel  surrounded  by  an  unheated  co-axial  air  jet,  with  the  confluence  of 
the  jets  centrally  located  in  a  nominally  circular  cross-section  duct 
( Sturgess  et  al.,  1992a  ).  The  duct  has  a  hydraulic  diameter  of  150 
mm.  The  duct  is  closed  at  its  forward  end  to  give  a  backwards-facing 
step  of  55  mm  height  The  discharges  from  the  supply  tubes  are  flush 
with  each  other  and  with  the  step.  The  fuel  tube  has  an  inner  diameter 
at  exit  of  29.97  mm  with  a  2-degree  half-angle  taper  over  120  mm  of 
its  interior  length  to  give  a  thin  lip  at  its  exit  The  outer  wall  of  the  air 
passage  converges  sharply  to  its  discharge,  where  the  exit  diameter  is 
40  mm. 

The  combustor  is  designed  and  constructed  in  two  sections  -  a 
fixed  upstream  window  section  of  475  mm  length  providing  optical 
access  as  needed,  and  a  replaceable  downstream  chimney.  The 
chimney  is  available  in  two  lengths,  and  the  combustor  can  run  with 
either  one  of  these,  or  both,  or,  with  no  chimney  at  all,  to  give  length 
to  diameter  ratios  of  4.9,  6.513  and  3.167  respectively.  (The 
combustor  has  never  been  run  with  both  chimeys  mounted 
simultaneously.)  Provision  is  made  for  exit  blockage,  with  geometric 
values  of  21.0,  45.1  and  62.0  percent  tunnel  blockage.  These 
blockages  are  achieved  by  thin  orifice  plates.  For  the  45.1  percent 
geometric  blockage,  "top-hat"  exits  with  tailpipe  length  to  diameter 
values  of  1.0  and  2. 1  respectively,  are  also  available. 

The  combustor  has  been  subject  to  considerable  development 
work  to  ensure  that  spurious  acoustic  effects  were  minimized 
( Heneghan  et  aL,  1990).  To  this  end  a  baffle  is  installed  in  the  fuel 
tube  to  acoustically  isolate  the  fuel  supply  system  from  the  combustor. 
The  desired  configuration  for  extensive  test  evaluation  was  the  4.9 
L/D  combustor  with  45.1  percent  exit  blockage  by  orifice  plate. 


The  combustion  tunnel  cross-section  (Figure  2)  represents  a 
compromise  between  the  need  for  a  simple  axisyrametrical 
configuration,  the  demands  of  distortion-free  and  convenient  optical 
access,  and  the  requirement  to  minimize  comer  effects.  The  optical 
windows  are  flat  f used-quartz,  and  are  retained  in  the  comer-frames 
by  thin,  curved  metal  comer  fillets  that  reduce  and  distribute  the 
vorticity  generation  due  to  wall  secondary  flows  at  the  change  in 
section  contour  ( Sturgess  et  al,  1992a  ).  The  resulting  effective 
optical  window  within  which  data  may  be  taken  is  defined  by 
-68. 7<x< 4-68.7  mm  and  -22<y<+33  ram,  where  x  and  y  are  defined 
in  Figure  2.  In  the  downstream  direction  the  window  is  +2<z<+358 
mm,  where  the  z-origin  is  the  plane  of  the  step. 

The  optical  windows  can  be  replaced  by  metal  plates 
containing  either  arrays  of  thermocouples  for  wall  temperature 
measurements,  or,  tappings  for  static  pressure  measurements.  The 
combustor  may  be  run  with  any  combination  of  windows  and  plates. 

Ignition  in  the  combustor  is  accomplished  by  means  of  a 
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removeable  propane  torch  ignitor  that  is  inserted  via  an  access  boss 
mounted  flush  on  the  single  permanently  installed  metal  side-plate. 
The  combustor  is  uncooled. 

The  combustor  assembly  is  mounted  vertically  on  the  air- 
conditioning  unit.  Figure  2,  that  delivers  a  smooth  flow  of  reactants  to 
the  combustor.  The  combustor  and  air-conditioning  unit  together 
translate  vertically  and  horizontally  through  a  cut-out  in  a  fixed  optical 
bench  so  that  traversing  with  laser  diagnostics  may  be  made.  A  cooled 
exhaust  extractor  is  positioned  vertically  above  the  combustor  exit. 

Both  the  fuel  and  air  flows  are  continuously  monitored  and 
controlled  by  separate  electronic  flow  control  units  to  within  2  percent 
It  was  therefore  relatively  easy  to  set  and  hold  a  given  operating 
condition,  within  these  constraints.  A  lean  blowout  of  course,  is  not  a 
precise  event  and  is  determined  by  local  fluctuations  about  the  mean 
flows.  However,  blowouts  were  found  to  be  reasonably  consistent, 
with  a  typical  repeatability  on  equivalence  ratio  at  fixed  operating 
conditions  being  within  0.06. 


[  ALL  DIMENSIONS  ARE  IN  MM  ] 


Fig.  2  Cross-Sectional  Drawings  of  the  Research  Combustor, 
Showing  Axes  Convention 


ISOTHERMAL  FLOW  FIELD 

A  laser-Doppler  anemometer  (LDA)  was  used  to  measure  axial 
and  radial  mean  and  fluctuating  velocity  components  in  the  combustor 
for  non-reacting  flows  ( Sturgess  et  ai,  1992b  ).  Air  was  used  for 
both  entering  streams,  and  the  jet  momentum  ratios  were  set  to  values 
representing  a  typical  blowout  point  The  air  jet  Reynolds  Number 
was  56,413  and  the  simulated  fuel  jet  Reynolds  Number  was  1 1,320, 
for  which  the  mass-averaged  velocity  in  the  combustor  was  3.06  m/s. 
Note  that  air  jet  momentum  is  always  greater  than  that  of  the  fuel  jet, 
regardless  of  whether  the  flow  is  reacting  or  not,  and,  whether  or  not 
the  operating  conditions  are  near  blowout 

From  the  LDA  measurements  the  flow  field  in  the  combustor 
was  constructed.  Figure  3  shows  the  near-field  features.  The  small 


central  recirculation  bubble  is  generated  by  entrainment  of  the  fuel  jet 
by  the  air  jet  It  has  a  length  of  17  mm  with  a  diameter  of  9  mra,  and 
begins  15  mm  downstream  from  the  plane  of  jet  confluence.  The  inner 
edge  of  the  jet  shear  layers  reaches  the  combustor  centerline  about  36 
mm  downstream  from  the  jet  confluence.  The  step  generates  a  large 
recirculation  zone  of  7.7  step  heights,  with  vortex  centers  about  3.1 
step  heights  downstream  from  the  step.  The  individual  jets  are  fully 
merged  and  have  lost  their  identities  by  138  mm  from  the  step-plane. 
Not  shown  in  Figure  3  is  a  relatively  small  recirculation  zone  existing 
on  the  forward  face  of  the  exit  orifice  plate.  It  has  been  shown 
C Sturgess  et  ai,  1993b  )  that  this  zone  does  not  interfere  directly  with 
the  step  recirculation  zone. 
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Fig.  3  Combustor  Flow  Features  in  the  Near-Field 


The  general  flow  field  characteristics  of  the  research 
combustor  do  reproduce  the  basic  features  of  a  typical  modem  Pratt  & 
Whitney  primary  zone,  as  was  the  intent 


TURBULENCE  CHARACTERISTICS 

A  CFD-based  study  was  made  of  the  fluctuating  velocity 
components  generated  in  the  combustor  by  the  mean  flow  field  to 
assess  its  relation  to  those  of  stirred  reactors. 

Following  Swithenbank,1974,  it  can  be  shown  that  the  minimum 
condition  for  a  perfectly  stirred  reactor  is  represented  by. 


An  energy  balance  shows  that  the  pressure  loss  factor  is 
made  up  of  the  sum  of  losses  associated  with  distortion  of  the  mean 
velocity  profile,  the  generation  of  turbulence,  and  the  total  dissipation 
of  turbulence  energy,  i.e. 
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It  can  then  be  shown  that  the  total  dissipation  of  turbulence 
energy  is  given  by. 
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where  u'^ti'foy) 


Since  mixing  is  proportional  to  dissipation.  Equation  3  is  an 
appropriate  basis  for  determining  well-stirred  portions  of  a  flow. 
However,  the  maximum  value  of  D  I  q,  is  approached  asymptotically, 
so,  differentiating  Equation  3  yields, 
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which  depends  only  on  the  value  of  (u'  /  )  over  y  at  each  x-station. 
This  quantity  will  be  zero  initially,  rise  to  a  maximum  due  to  shear 
effects,  and  then  decline  to  zero  downstream  at  the  asymptotic 
condition.  Equation  4  therefore  allows  a  rather  precise  determination 
of  the  extent  of  well-stirred  regions  of  a  flow. 

It  is  not  necessary  for  d(D!  q})!  dx  to  be  zero;  based  on  grid- 
turbulence  Swithenbank,  1974  recommended  a  value  <0.1  for 
negligible  further  mixing.  Typical  turbulence  intensities  in  a 
combustor  will  normally  be  far  in  excess  of  grid  turbulence. 
Examination  of  CFD  calculations  in  isothermal  flow  for  the  research 
combustor  made  with  the  Pratt  &  Whitney  2D-PREACH  code 
( Sturgess ,  1983  ),  show  that  fields  of  both  the  specific  kinetic  energy 
of  turbulence  and  its  rate  of  dissipation  fall  to  very  low  levels  long 
before  the  combustor  exit  is  reached.  ICE.  is  down  to  4.0  percent  of 
its  maximum  and  D  is  down  to  1.0  percent  of  its  maximum  inside  the 
gradient  contour  with  value  10.0.  Therefore,  the  limiting  condition 
for  d(D I  q{)  I  dx  was  taken  as  10.0  for  the  research  combustor. 

Figures  4  and  5  display  the  distribution  of  total  dissipation 
gradient  through  the  research  combustor,  where  the  x-gridlines  are 
parallel  to  the  combustor  z-axis  (Figure  2)  and  the  y-gridlines  are 
normal  to  the  z-axis.  In  Figure  6  are  shown  spatial  contours, 
constructed  from  Figures  4  and  5,  in  the  research  combustor  of  total 
dissipation  gradient  for  values  of  10.0  and  1.0. 


X 


Fig.  5  Dissipation  Through  the  Research  Combustor  of  Total 
Dissipation  Gradient  (y-gridlines) 


Fig.  6  Iso-Contours  of  Total  Dissipation  Gradient  at  Swithenbank 
and  Present  Cut-Off  Levels  in  the  Research  Combustor 


Fig.  4  Dissipation  Through  the  Research  Combustor  Total 
Dissipation  Gradient  (x-gridlines) 


Based  on  the  10.0  contour  from  Figure  6.  it  can  be  seen  that 
most  of  the  research  combustor  can  be  classified  as  well-stirred. 
Included  in  this  classification  are  the  jet  shear  layers,  the  central 
recirculation  bubble,  the  step  recirculation  zone,  and  the  region 
immediately  downstream  of  the  step  recirculation  zone. 

LEAN  BLOWOUTS 

Using  the  calibrated  nitrogen  diluent  technique  to  simulate  low 
pressures  ( Sturgess  et  al.,  1991b  )  together  with  variation  of 
throughput,  to  achieve  high  combustor  loadings,  the  LBO  portion  of 
the  stability  loop  of  the  research  combustor  was  obtained 
experimentally  (Sturgess  et  al,  7997),  (Sturgess  et  al,  1993b ).  with 
gaseous  propane  as  the  fuel.  This  is  shown  in  Figure  7. 

The  experimental  LBO  equivalence  ratio  data  were  correlated 
on  the  basis  of  well-stirred  reactor  theory,  using  the  combustor 
loading  parameter. 
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FLAME  CHARACTERISTICS 
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where, 

"hw  =  mf+ma+m„2 
V  =  effective  reactor  volume 
P  =  combustion  pressure 
n  =2<pLBOl(l  +  mN2  f  ma) 
apparent  global  reaction  order 

jqO.001437- 

F  =— - 

3.72 

T  =  fuel  /  fl/r  inlet  temperature 
&LBO  =  equivalence  ratio  at  LBO 


Combustor  Loading  Parameter 


Fig.  7  Measured  Lean  Portion  of  Stability  Loop  Compared  with 
Well-Stirred  Reactor  Calculation 


This  application  of  well-stirred  reactor  theory  follows  Bragg , 
{ 1953 ),  who  proposed  that  a  gas  turbine  combustor  could  be  modeled 
as  a  well-stirred  reactor  followed  by  a  plug-flow  reactor.  The  general 
form  of  the  loading  parameter  follows  Kretschmer  <£  Odgers,1972 , 
and  has  been  in  common  use  for  many  years;  presently,  it  has  been 
modified  to  account  for  the  use  of  excess  nitrogen  as  a  diluent 
(Sturgess  at  al ,  1991b  ).  Correction  of  the  data  to  a  constant  400K 
inlet  temperature  represents  tribute  to  the  pioneering  well-stirred 
reactor  work  of  Longwell  et  al.,  1953 ,  where  an  actual  inlet 
temperature  of  400K  was  used.  Determination  of  the  effective  volume 
for  the  research  combustor  was  based  on  Figure  6  with  account  of 
flame  lift,  and  is  described  in  detail  in  Sturgess  et  al,  1991b  . 

Shown  on  Figure  7  is  a  line  representing  a  well-stirred  reactor 
calculation  ( Sturgess  et  al,  1991b ).  It  passes  through  the  data.  When 
the  experimental  LBO  data  from  the  research  combustor  are  compared 
to  experimental  LBO  data  from  actual  well-stirred  reactors  in  the 
literature  ( Sturgess  et  al,  1992a  ),  ( BaUal  et  al,  1993 )  the  agreement 
is  excellent  At  low  combustor  loadings  the  blowout  equivalence  ratios 
attained  approach  the  flammability  limit  for  propane/air  mixtures 
(Lewis  &  von  Elbe,  1961  ).It  therefore  appears  as  though  the  research 
combustor  at  lean  blowout  behaves  as  a  well-stirred  reactor.  The 
calculated  turbulence  characteristics  of  the  research  combustor,  a 
necessary  but  not  sufficient  condition  for  a  well-stirred  reactor,  would 
certainly  permit  this  to  be  so. 


It  is  observed  for  overall  fuel -rich  operation  over  wide  ranges 
of  jet  Reynolds  Numbers,  that  a  steady  sheath-flame  originates  on  the 
combustor  step  at  the  outer-edge  of  the  air  jet  This  attached  flame 
appears  quite  thin  at  its  origin,  and  maintains  a  roughly  constant 
overall  diameter  and  thickness  for  about  20  mm  downstream.  Beyond 
this  20  mm  station  the  thickness  of  the  flame  increases  by  growing 
significantly  towards  the  combustor  centerline,  and  also  radially 
outwards;  strong  radial  expansion  of  the  reacting  jet  shear  layers 
begins  thereafter.  It  appears  that  the  attached  flame  exists  in  the  outer 
shear  layer  (see  Figure  3),  and  that  the  initial  thickening  at  20  mm  is 
due  to  the  ignition  of  the  inner  shear  layer,  where  the  thickened  flame 
has  a  "turbulent  flame- brush"  appearance  i.e.  "fuzzy  blue." 

As  fuel  flow  is  reduced  at  constant  airflow  the  attached  flame 
remains  steady  but  becomes  visibly  intermittent  in  both  circumferential 
and  axial  extent,  and  at  an  equivalence  ratio  of  1.05  (for  propane/air 
mixtures)  and  less,  is  no  longer  evident  to  the  eye.  The  intermittency 
of  the  inner  shear  layer  burning  is  much  more  severe  than  that  in  the 
outer  shear  layer.  Eventually,  the  shear  layer  burning  is  no  longer 
apparent,  and  the  flame  lifts  to  move  far  downstream  (160-300  mm) 
and  exists  in  distributed  fashion  across  most  of  the  combustor 
diameter.  The  behavior  has  some  of  the  appearance  of  conventional 
"lift"  in  jet  diffusion  flames  ( Takahashi  et  al.,  1988  ).  Figure  8 
compares  the  attached  and  lifted  flame  conditions.  Still  further 
reductions  in  fuel  flow  result  in  periodic  large-scale  axial  movements 
of  the  lifted  flame,  and  LBO  occurs  as  these  movements  increase  in 
extent  (Sturgess  et  al,  1992a  ),  (Ballal  et  al,  1993  ). 

When  the  bulk  equivalence  ratio  reaches  1.5  to  2.0,  depending 
on  combustor  loading  ( Sturgess  et  al.,  1993b  ),  and  before  a  rich 
blowout,  a  separated  flame  condition  is  again  established,  where  the 
attached  flame  originating  from  the  outer-edge  of  the  air  jet  is  not 
visible  to  the  eye.  For  low  combustor  loadings  this  takes  place  at  an 
equivalence  ratio  of  1.8.  However,  for  this  loss  of  the  attached  flame 
the  main  flame  does  not  lift;  it  is  located  about  3040  mm  downstream 
from  the  step  plane.  A  rich  blowout  occurs  suddenly  at  this  condition, 
and  does  not  involve  flame-lift  A  high  value  of  combustor  loading 
can  be  reached  when  the  attached  flame  is  not  present  at  any 
equivalence  ratio,  either  rich  or  lean  (Sturgess  et  al,  1993b ). 

The  attached/lifted  flame  behavior  was  also  observed  in  the 
technology  combustor,  which  is  identical  to  the  research  combustor 
except  that  the  jet  system  is  replaced  with  a  conventional  fuel  injector 
from  the  generic  combustor.  A  similar  occurence  was  noted  in  the 
generic  combustor  ( Sturgess  <£  Shouse,  1993c ).  It  therefore  appears 
that  the  research  combustor  is  a  satisfactory  representation  of  a  gas 
turbine  combustor  primary  zone,  and  that  the  attached  flame,  and  its 
loss,  are  fundamental  features  of  the  LBO  process. 

It  seems  as  though  the  attached  flame  serves  as  a  pilot  for  the 
inner  shear  layer.  When  the  attached  flame  is  no  longer  evident  the 
subsequent  increase  in  ignition  delay  for  the  inner  shear  layer  that 
probably  takes  place  appears  to  cause  the  flame  to  lift  The  lifted  flame 
then  allows  significant  premixing  of  the  reactants  to  take  place.  Since 
the  lifted  flame  is  within  the  region  of  the  combustor  that  is  classified 
as  being  well-stirred  by  the  total  dissipation  gradient  method,  it  is 
therefore  not  unexpected  that  the  LBO  behavior  is  consistent  with 
well-stirred  reactor  blowout  calculations  and  experimental  data  from 
the  literature. 


Spontaneous  OH-Imaging 

The  hydroxl  radical  is  produced  in  large  quantities  in  reaction 
regions  of  hydrocarbon  combustion  where  large  amounts  of  heat 
release  take  place.  It  can  thus  be  an  important  flame  marker,  although 
care  has  to  be  taken  to  allow  for  convection  effects.Therefore, 
measurements  of  the  spontaneous  uv-emission  from  the  OH  radical 
provide  a  means  for  further  study  of  the  important  attached  flame  and 
its  lift 
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Fig.  8  Available  Light.  Time-Mean  Photographs  of  Attached  and  Lifted  Flame 

Appearances 


A  narrow  view-angle,  line-of-sight  optical  system,  consisting 
of  a  simple  lens  and  aperture,  was  set  up  and  used  to  image  a  narrow 
cylindrical  focal  volume  of  a  region  of  the  reactor,  located  about  15 
mm  above  the  step,  into  a  spectrometer  that  was  tuned  to  an  OH- 
emission  line  near  308  nm  to  give  a  strong  signal.  The  signal  was 
captured  with  a  photomultiplier  tube,  then  amplified,  digitized,  and 
recorded  on  a  computer.  Figure  9.  Over  a  20-second  time  period 
20,000  separate  digital  points  were  collected,  and  a  mean  and  standard 
deviation  of  the  measured  signal  were  obtained.  To  reduce  noise  from 
the  hot  combustor  hardware,  an  average  background  was  obtained 
from  20,00  data  points  collected  with  the  spectrometer  inlet  blocked, 
and  the  average  background  signal  was  then  subtracted  from  each  of 
the  20,00  true  data  points  to  obtain  representative  uv-emission  data. 

Although  the  optical  system  integrated  the  observed  emission 
signal  completely  across  the  combustor,  the  positioning  of  the  view- 
volume  was  such  that  when  the  flame  was  attached  a  strong 
spontaneous  OH  uv-emission  signal  resulted,  and  when  the  flame  was 
lifted  the  signal  was  rather  weak.  Fast  Fourier  Transform  (FFT) 
analysis  of  the  data  could  then  provide  an  indication  of  the 
imermittency  of  the  attached  flame. 

Figure  10  shows  the  variation  of  mean  intensity  and  its 
standard  deviation  with  bulk  equivalence  ratio;  the  repeatability  is  seen 
to  be  good,  and  both  measurements  show  the  same  trends.  It  can  be 
seen  that  there  is  a  clear  demarcation  in  the  emission  intensity 
occurring  at  an  equivalence  ratio  of  about  1.05.  This  is  in  excellent 
agreement  with  the  flame-lift  equivalence  ratio  obtained  visually.  For 
lower  equivalence  ratios  the  emission  intensity  remains  roughly 
constant  until  the  equivalence  ratio  falls  below  0.8,  which  is 
approaching  LBO,  at  which  the  intensity  falls  sharply. 


Fig.  9  System  for  Spontaneous  OH-Imaging 


Figure  10,  together  with  the  variations  of  emission  intensity 
with  time  at  given  equivalence  ratio,  indicate  that  the  attached  flame  is 
a  periodic  phenomenon.  For  0  >  1.05  the  flame  is  present  more  often 
than  it  is  not;  for  <><1.05  the  flame  is  still  present  (although  not 
visible),  but  is  absent  more  than  it  is  present 
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Flame  Attachment  Data,  1000  slpm  (70  F)  Air  flow, 
45%  Orifice  on  Exit 


Fig.  10  Mean  and  Standard  Deviation  of  Spontaneous  OH -Image 
Intensity  Variation  With  Equivalence  Ratio  for  the  Attached  Flame 


ThinrEilamenl-Eyromctry  (TFP) 

For  further  study  of  the  critical  attached  flame  condition  a  14 
micron  diameter  silicon  carbide  filament  was  stretched  across  the 
combustor  diameter  at  a  height  of  10  mm  above  the  step  plane.  The 
emissivity  of  the  filament  is  independent  of  its  temperature,  so  that  the 
radiation  from  it  when  heated  is  exponentially  proportional  to  its 
temperature  as  determined  by  Planck's  blackbody  radiation  law.  The 
filament  can  thus  serve  as  a  pyrometer  (Goss  et  ai ,  1988  ).  The 
response  time  of  the  filament  is  of  the  order  of  700  Hz  and  the  lower 
limit  of  detectable  temperature  is  about  1300K,  so  that  such  a  TFP  can 
yield  the  near-instantaneous  time-variation  of  flame  temperature 
radially  at  fixed  axial  position  in  the  combustor. 

The  radiation  from  the  filament  was  imaged  by  a  cylindrical 
lens  and  rotating  minor  into  a  single  InGaAs  photodiode  detector.  The 
filament  was  scanned  and  imaged  with  256  pixels,  with  the  signal 
being  digitized  at  a  rate  of  1-4  Mbyte/sec.  and  stored  on  a  transient 
recorder  during  each  gated  scan.  For  a  fixed  optical  system  the 
physical  length  of  filament  scanned  can  be  adjusted  by  changing  the 
minor  speed  and  the  digitization  rate.  The  pixel  resolution  is  the 
scanned  length  divided  by  the  pixel  number;  for  this  study  the  pixel 
resolution  was  approximately  75  microns.  The  digitized  signal  was 
scanned  at  250  and  500  lines/sec.  Spectral  information  was  obtained 
from  the  stored  line  signal  by  using  FFT  analysis.  In  this  instance  the 
filament  was  not  calibrated,  and  was  only  used  to  indicate  relative 
temperatures. 

The  scanned  region  of  the  filament  radially  encompassed  the 
attached  flame  region  of  the  combustor.  Each  instantaneous  radial 
relative  temperature  profile  was  obtained  in  266  [is,  and  profiles  were 
separated  in  time  by  8  ms.  The  test  conditions  repeated  those  for  the 
spontaneous  OH-imaging. 

The  attached  flame  was  found  to  be  about  5  mm  in  thickness, 
i.e.  thin,  confirming  the  visual  observations,  and  at  the  10  mm 
downstream  station  the  temperature  peak  was  found  to  oscillate 
radially  about  a  mean  radius  of  24  mm  with  a  displacement  of  about  4 
mm;  the  oscillation  frequencies  were  less  than  10  Hz.  Reference  to 
Figure  3  places  the  mean  radius  about  which  the  flame  oscillates  in  the 
outer  shear  layer  region,  again  confirming  the  visual  observations. 


Figure  1 1  shows  the  time  history  of  the  attached  flame  (Chen, 
1991 )  at  equivalence  ratios  of  1.56  (visibly-attached  flame)  and  0.78 
(visibly-lifted  flame);  also  shown  are  the  relative  intensity  frequency 
spectra  at  a  radius  of  24  mm  for  these  two  equivalence  ratios.  The 
figure  demonstrates  that  the  radial  oscillation  of  the  flame  is 
independent  of  equivalence  ratio,  and  depends  on  a  flow 
phenomenon.  It  also  illustrates  the  intermittent  character  of  the 
attached  flame  that  the  spontaneous  OH-imaging  revealed.  It  confirms 
the  flame  is  present  some  of  the  time  when  the  attached  flame  is 
visibly-lifted,  and  that  the  intermittency  increases  at  the  lower 
equivalence  ratio,  when  significant  "holes"  appear  in  the  flame.  This 
behvior  is  very  similar  to  that  observed  in  open  jet  diffusion  flames, 
(Chen  et  ai ,  1989  ),  (Chen  &  Goss ,  1989  ). 


RADIAL  POSITION 


Fig.  11  Time  History  and  Frequency  Spectra  of  Relative 
Temperature  From  a  Thin  Filament  Pyrometer  in  the  Attached  Flame 
at  Fuel-Rich  and  Fuel-Lean  Equivalence  Ratios 


Laser-Induced  Fluorescence  flJF)  QFHmaging 

Laser-induced  fluorescence  of  OH  was  used  to  capture 
instantaneous  (10  ns)  two-dimensional  images  of  the  reaction  regions 
in  the  research  combustor  ( Roquemore  et  aL,  1991 ). 

A  frequency-doubled  Nd-Yag  laser  was  used  to  generate  a  uv 
laser  beam  at  about  283  nm.  This  frequency  was  used  to  pump  a 
fluorescence  transition  of  OH,  which  resulted  in  a  LIF  signal  at  about 
308  nm.  The  plane  of  the  laser  light  was  passed  through  the  research 
combustor  as  shown  in  Figure  12,  at  two  angles  of  0-degrees  and  25- 
degrees  relative  to  a  bisector  passing  through  the  vertical  centerline.  A 
384  x  576  element  intensified  CCD  camera  located  normal  to  the  plane 
of  the  laser  beam  was  used  to  capture  the  induced  images.  The  camera 
was  able  to  view  the  full  width  of  the  optical  window  in  the  combustor 
in  the  0-degree  position,  and  almost  to  the  combustor  wall  in  the  25- 
degree  position,  but  was  limited  to  a  vertical  extent  of  76  mm.  To 
obtain  a  complete  record,  the  camera  was  successively  located  for  each 
operating  condition  at  four  different  axial  positions  of  z  equal  to  0, 75, 
155,  and  225  mm. 

The  data  are  presented  as  single  images,  and  as  spatial  and 
time  ensemble-averages  of  multiple  images  at  each  location  and 
condition.  The  equivalence  ratios  covered  both  attached  and  lifted 
flames,  and  two  values  of  combustor  loading  -  low  and  moderate  (see 
Figure  7);  the  loadings  differed  by  a  factor  of  2.9. 
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0  degrees  or  25  degrees 


Fig.  12  System  for  Laser-Induced  Fluorescence  OH-Imaging 


Figure  13  is  a  spatial  composite  of  ensemble-averaged  LIF 
images  of  OH  at  0-degrees  image  plane  angle  for  low  combustor 
loading  at  an  equivalence  ratio  of  1.56,  and  Figure  14  is  for  the  25- 
degree  image  plane  angle  that  allows  a  more  extensive  view  of  a 
slightly  different  cross-section.  Images  at  the  higher  combustor 
loading  arc  very  similar. 


Relative  OH  Intensity 


Fig.  13  Spatial  Composite  of  LIF  OH-Images  at  an  Equivalence 
Ratio  of  1.56  with  Lower  Combustor  Loading 
(O-degree  orientation) 
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Relative  OH  Intensity 


Fig.  14  Spatial  Composite  of  LIF  OH-Images  at  an  Equivalence 
Ratio  of  1.56  with  Lower  Combustor  Loading 
(25-degree  orientation) 


Once  generated,  the  hydroxl  radical  is  persistent,  and 
therefore,  it  can  be  convected  to  sites  other  than  where  it  was 
generated.  Care,  therefore,  must  be  taken  in  reading  two-dimensional 
OH  images.Interpretation  of  Figure  13  is  relatively  easy  since,  due  to 
the  limited  Field  of  view,  there  is  little  convection  effect  to  cause 
confusion. 

The  spatial  composite  of  ensemble-averaged  images  presents  a 
picture  that  is  similar  to  that  obtained  by  direct  visual  observations, 
except  that  time-resolution  is  improved.  For  the  higher  equivalence 
ratio  the  thin  attached  flame  existing  in  the  outer  shear  layers  can  be 
seen,  together  with  the  thickening  that  takes  place  at  about  40  mm 
downstream.  The  flame  in  the  thickened  region  has  a  clear  vortical 
structure,  as  expected  in  reacting  shear  layers.  Downstream 
development  of  flame  takes  place  in  the  vortical  structures  present  in 
the  developing  shear  layers,  and  chemical  heat  release  does  not  take 
place  on  the  combustor  centerline  until  greater  than  200  mm 
downstream  from  the  step.  The  greater  field  of  view  provided  in 
Figure  14  shows  a  likely  convection  of  OH  (low  intensity  and 
distributed)  from  the  shear  layers  into  the  step  recirculation  zone,  via 
the  reattachment  plane.  However,  there  are  snake-like  tendrils  of  high 
OH  intensity  are  present  locally  (in  the  near-field  regions)  in  the  step 
recirculation  zone.  These  almost  certainly  represent  the  presence  of 
local  chemical  heat  release.  The  images  are  extremely  suggestive  that 
these  tendrils  of  chemical  reaction  within  the  step  recirculation  zone 
are  the  result  of  radial  ejections  of  fuel  from  the  center  of  the 
combustor  across  the  jet  shear  layer,  by  non -stationary  behavior  of  the 
mean  flowfleld.  Figure  15  shows  clearly  shows  an  instance  of  this  at 
the  higher  combustor  loading,  as  do  the  individual  instantaneous 
images  that  contribute  to  the  ensemble. 
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Fig.  15  Spatial  Composite  of  LIF  OH-Images  at  an  Equivalence 
Ratio  of  1.56  with  Higher  Combustor  Loading 
(25-degree-orientation) 


Figure  16  shows  an  ensemble-average  at  25-degrees  image 
plane  angle  for  low  combustor  loading  at  an  equivalence  ratio  of  0.78. 
The  attached  flame  is  not  in  evidence.  Reaction  is  absent  from  the 
center  of  the  combustor,  and  reaction  in  the  shear  layers  is  reduced 
and  is  more  diffuse.  The  step  recirculation  zone  in  the  near-field  is 
dominated  by  convection  effects,  and  there  is  no  evidence  of  local 
reaction  due  to  radial  ejection  of  fuel  through  the  shear  layers.  Any 
fuel  that  enters  the  step  recirculation  from  the  shear  layers  at  the 
reattachment  plane  is  reacted  long  before  it  is  returned  to  the  step 
region. 


CARS  Temperatures 

Mean  and  fluctuating  temperature  measurements  were  made  in 
the  near-field  using  a  Coherent  Anti-Stokes  Raman  Spectroscopy 
(CARS)  system  in  BOXCARS  configuration  ( Sturgess  etal.,  1993b). 

Figure  17  shows  partial  radial  profiles  of  normalized  mean 
temperature  at  5  mm  downstream  from  the  step-plane  of  the 
combustor.  The  CARS  measurements  at  this  section  show  for 
visually-lifted  flames  that  in  the  region  14  to  19  mm  radii  the  flow  is 
relatively  cool,  i.e.  mostly  air.  This  is  in  agreement  with  the 
isothermal,  non-reacting  LDA  measurements  that,  at  5  mm 
downstream,  define  the  air  jet  as  existing  from  radii  of  14  to  20  mm, 
and  the  fuel  jet  for  radii  less  than  14  mm.  For  visually-attached 
flames,  the  cold  air  jet  exists  for  14  £  r  £  17  mm,  but  for  r  £  17  mm 
there  is  a  rapid  increase  in  mean  temperature  as  the  inner  edge  of  the 
attached  flame  is  encountered.  The  main  region  of  the  attached  flame  is 
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Fig.  16  Spatial  Composite  of  LIF  OH-Images  at  an  Equivalence 
Ratio  of  0.78  with  Lower  Combustor  Loading 
(25  degree  orientation) 
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Fig.  17  Partial  Radial  Profiles  of  Normalized  Mean  Temperatures 
Measured  By  CARS  at  5  mm  Downstream  From  Step  for  Lifted  and 
Attached  Flames 
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encountered  by  a  radius  of  21  mm,  and  exists  for  at  least  5  mm  more. 
This  is  in  good  agreement  with  the  values  obtained  from  the  TFP.  The 
radial  dimensionless  temperature  profile  for  the  visually-lifted  flame  is 
very  similar  in  this  region,  and,  although  the  sudden  temperature 
increase  is  not  encountered  until  19  mm  radius,  the  elevated 
temperature  region  is  again  at  least  5  mm  in  extent.  Absolute 
temperatures  for  the  attached  flame  are,  of  course,  much  higher  than 
those  for  the  lifted  flame. 

Examination  of  the  CARS  probability  distribution  functions 
(p.d.fs)  at  a  z  of  5  mm  for  low  Reynolds  Number,  visually-attached 
flames,  reveals  that  they  are  strongly  bimodal  for  radii  between  14  and 
19  mm,  as  the  example  in  Figure  18  shows.  These  radii  encompass 
the  nominally  cold  air  jet  ( 15  <  r  <  17  mm)  and  the  inner  part  of  the 
attached  flame  region.  The  bimodal  p.dXs  reveal  that  there  is  a  strong 
probability  of  encountering  either  hot  or  cold  gas  in  this  range  of  radii. 
Further  into  the  attached  flame  itself,  r  >  19.5  mm,  the  p.d.fs  are  not 
bimodal.  Thus,  the  jet  shear  layer  (inner)  part  of  the  attached  flame  has 
a  large-scale  non-stationary  behavior  that  may  be  associated  with  the 
vortical  structure  revealed  somewhat  further  downstream  in  the  LIF 
OH  images. 
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Fig.  18  CARS  Temperature  P.D.F.  at  5  mm  Downstream  in  the  Air 
Jet,  Showing  Bimodal  Form 


CFP  Calculations 

CFD  calculations  were  used  to  study  the  thermal  boundary 
layer  on  the  combustor  wall  upstream  of  the  reattachment  plane  for  the 
step  recirculation  zone,  and  on  the  step  itself.  Two  combustion  models 
were  used  in  these  calculations:  the  "mixed-is-bumed"  eddy  break-up 
(EBU)  model  of  Magnussen  &  Hjertager  ( 1973  )  and.  Mason  i 
Spalding  (7973),  and  the  eddy  dissipation  concept  (EDC)  model  of 
Magnussen  ( 1985  ),  Sloan  &  Sturgess  ( 1994  ).  The  EBU  model  is 
familiar.  The  EDC  model  used  fast  chemistry,  and  bases  chemical 
reaction  on  the  sub-grid  level  to  the  ratio  of  two  characteristic  times, 
such  that  if  the  residence  time  in  an  individual  grid  volume  is  greater 
than  a  blowout  time,  then  reaction  in  the  volume  is  allowed.  A  further 
constraint  is  applied  that  the  fuel/air  mixture  within  the  volume  must 
be  inside  independent  flammability  limits  for  combustion.  Finally,  the 
action  of  turbulence  eddies  on  limiting  combustion  through  flame 
speed  was  included. 


The  dimensionless  length  of  the  step  recirculation  zone  is  a 
function  of  flow  Reynolds  Number  and  equivalence  ratio  ( Sturgess  ei 
al.,  1992a  ).  The  calculations  were  made  for  a  Reynolds  Number 
lower  than  desirable,  but  are  to  be  compared  to  CARS  data  obtained  at 
similar  values.  For  the  conditions  of  the  calculations,  the  EBU  model 
calculated  the  reattachment  plane  of  the  step  recirculation  zone  at  just 


less  than  300  mra  for  0.6  equivalence  ratio  (lifted  flame),  with 
maximum  temperatures  in  the  interior  of  the  recirculation  of  the  order 
of  800K,  i.e.  indication  that  all  the  fuel  was  consumed  in  the  shear 
layers,  and  that  there  was  no  chemical  reaction  taking  place  within  the 
recirculation  itself.  The  EDC  model  at  these  conditions  calculated  a 
length  of  350  mm,  with  interior  temperatures  of  the  order  1300- 
1400K.  i.e.  indication  that  not  all  of  the  fuel  was  consumed  in  the 
shear  layers.  Experimental  estimate  of  the  reattachment  plane  position 
at  this  equivalence  ratio  was  285  mm  from  the  step;  flame  was  not 
visible  within  the  recirculation  zone.  At  an  attached  flame  condition 
with  1.05  equivalence  ratio  the  EDC  model  gave  a  reattachment  length 
of  300  mm,  compared  to  an  experimental  estimate  of  400  mm; 
recirculation  zone  interior  temperatures  were  around  1500K.  At  an 
equivalence  ratio  of  1.62  (attached  flame)  the  EDC  model  gave  the 
reattachment  length  as  300  mm  versus  400  mm  from  the 
measurements;  the  calculated  interior  temperatures  were  1700-1800K. 
For  an  attached  flame  condition  at  1.56  equivalence  ratio,  the  TFP 
indicated  interior  recirculation  zone  temperatures  (at  z=10  mm)  greater 
than  BOOK  (the  cut-off  value  for  the  uncalibrated  filament)  to  within 
about  20  mm  from  the  combustor  wall.  For  higher  equivalence  ratios, 
the  EDC  model  showed  that  the  interior  temperatures  of  the  step 
recirculation  zone  falL 

While  these  calculations  are  not  defintive,  they  strongly 
suggest  that  the  EBU  combustion  model  is  not  capable  of  reproducing 
the  attached  flame.  The  EDC  model  appears  at  this  point  to  be  more 
promising. 

In  the  experiments,  with  heat  losses  through  the  wall,  wall 
quenching  effects,  and  recirculation  zone  interior  temperatures  that 
increase  with  bulk  equivalence  ratio  (up  to  about  1.6  equivalence 
ratio),  an  extensive  thermal  boundary  layer  is  formed  on  the 
combustor  surfaces  within  the  step  recirculation  zone.  Fuel  entering 
this  thermal  boundary  layer  upstream  (at  the  reattachment  plane)  is 
unlikely  to  be  reacted.  Quantities  of  such  unreacted  fuel  would 
increase  with  bulk  equivalence  ratio,  particularly  suddenly  as  the  jet 
shear  layers  become  fuel-rich.  It  would  be  returned  to  the  step  by  the 
recirculation,  where  it  would  then  be  entrained  in  the  jet  flows.  There, 
it  could  be  reacted  and  so  form  the  attached  flame. 


A  downstream  plane  of  5  ram  from  the  step  will  be  just  outside 
this  thermal  layer,  but  will  be  influenced  by  it.  As  indicated  above,  the 
attached  flame  is  encountered  for  radii  around  20-25  mra.  Therefore, 
Figure  19  compares  the  CFD  calculations  made  with  the  EDC  model, 
of  temperature  at  (5,25)  mm  with  CARS  mean  temperatures  at  24  and 
26  mm  radii.  The  calculations  show  gas  temperatures  only  increasing 
slightly  from  1300K  at  0.5  equivalence  ratio  (lifted  flame)  to  1350K  at 
1.6  bulk  equivalence  ratio  (attached  flame  condition).  The  quantity  of 
unbumed  fuel  on  the  combustor  wall  is  such  that  mixtures  returned  to 
the  jet  system  arc  always  outside  the  imposed  flammability  limits.  The 
CARS  measurraents  are  in  fairly  good  agreement  with  the  calculations 
for  0.7  equivalence  ratio  (lifted  flame)  and  even  for  1.43  bulk 
equivalence  ratio  (attached  flame).  However,  at  1.51  bulk  equivalence 
ratio  the  measurements  indicate  a  sudden  and  dramatic  increase  in  gas 
temperature  to  around  1500K  that  is  not  reflected  in  the  calculations. 

To  address  the  thermal  boundary  layer  problem  more 
realistically,  measured  wall  temperatures  were  used  as  a  thermal 
boundary  condition.  Typically,  for  lifted  flames  measured  wall 
temperatures  at  z  of  44.5  mm  were  around  81  OK,  and  for  attached 
flames  they  were  less  than  815K,  falling  to  less  than  750K  for  an 
equivalence  ratio  of  1.5  ( Sturgess  et  al,  1993a  ).  Heat  losses  to  the 
wall  and  step,  and  removal  of  active  radicals  by  these  impervious 
surfaces,  inhibit  flame  propagation  along  the  surfaces,  resulting  in  an 
intervening  dark  region  between  them  and  the  flame.  This  is  known  as 
the  deadspace.  The  existance  of  the  deadspace  was  accounted  for  by 
incorporating  a  wall-quenching  model  that  precluded  chemical 
reactions  on  the  combustor  wall  and  step.  This  model  operated  to 
quench  reactions  out  from  each  surface  to  a  value  of  y*  equal  to  100. 

In  order  to  elevate  the  mass  of  unreacted  fuel  returned  to  the  air 
jet  origin  via  the  combustor  wall  and  step  in  the  step  recirculation 
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zone,  the  bulk  equivalence  ratio  was  increased  to  just  over  2.0  and  the 
revised  boundary  conditions  applied  to  the  calculation.  The  calculated 
stoichiometric  contour  crossed  the  step  recirculation  zone  and  reached 
the  combustor  wall  about  half-way  to  the  calculated  reattachment 
plane.  The  amount  of  unreacted  fuel  returned  to  the  origin  of  the  air  jet 
was  increased  through  the  existance  in  the  calculation  of  the  thermal 
boundary  layer.  However,  the  mixtures  returned  still  remained  outside 
the  imposed  flammability  limits.  The  calculated  temperature  at  the  (5, 
25)  mm  co-ordinate  position  is  shown  on  Figure  19,  and  is  therefore 
consistent  with  the  other  calculations. 


CFD  CALCULATION  WITH  EDC  MODEL 


Fig.  19  Comparison  of  the  Variation  with  Equivalence  Ratio  of 
CARS  Mean  Temperatures  and  CFD  Calculations  at  a  Co-ordinate 
Position  in  the  Attached  Flame,  (5, 25)  mm 


The  calculations  show  that  the  EDC  model  cannot  correctly 
calculate  the  attached  flame  over  the  complete  range  of  equivalence 
ratios.  The  CARS  measurements  indicate  that  something  additional  to 
recirculation  of  unburned  fuel  from  the  reattachment  plane  occurs  for 
over* rich  mixtures  on  a  bulk  basis. 


DISCUSSION 

It  is  apparent  that  the  existance  of  the  attached  ’pilot’  flame 
(Figure  8)  is  the  key  to  where  the  majority  of  the  fuel  is  reacted,  and 
its  ”1055"  denotes  the  beginning  of  a  lean  blowout  sequence  in  the 
research  combustor.  When  the  attached  flame  is  lost  and  the  main 
flame  lifts,  considerable  mixing  of  the  separately-introduced  reactants 
takes  place  prior  to  reaction.  This  accounts  for  the  lean  blowout  data 
being  so  well  correlated  by  a  combustor  loading  parameter  derived 
from  well-stirred  reactor  theory  (Figure  7),  and  for  the  resulting  lean 
blowout  curve  agreeing  with  well-stirred  reactor  experimental  lean 
blowout  data  from  the  literature,  and  with  a  well-stirred  reactor 
calculation  for  the  research  combustor. 

The  blowout  behavior  of  the  research  combustor  provides 
good  support  for  the  argument  that  blowout  of  a  lifted  turbulent 
diffusion  flame  is  controlled  by  premixing,  where  merging  of 
neighboring  vortices  of  hot  burnt,  and  cold  unbumt  but  mixed 
reactants,  controls  local  extinction  (Williams,  1985  ),  (Lockwood  & 
Megahed,  1978  ),  etc.  However,  this  is  only  part  of  the  problem. 


since  ’’lift”  must  also  be  explained.  In  the  case  of  the  research 
combustor  there  are  in  fact,  two  things  that  must  be  explained:  First, 
loss  of  the  attached  flame  leading  to  lift,  and  second,  the  existance  of 
the  attached  flame  in  the  first  place! 

Contrary  to  visual  observations,  the  thin  attached  flame  is 
revealed  by  the  spontaneous  OH-imaging  and  the  TFP  results  as  being 
a  continuously-occurring  phenomenon  over  fairly  wide  ranges  of 
equivalence  ratio,  including  equivalence  ratios  at  which  the  main  flame 
is  lifted.  At  these  latter  equivalence  ratios  it  is  not  a  continuous  flame 
(Figure  10)  but  has  "holes"  and  is  highly  intermittent  (Figure  11). 
Under  such  conditions  it  just  does  not  supply  enough  energy  and 
active  radicals  to  serve  as  an  adequate  pilot  for  the  jet  shear  layers. 

The  visually-lifted  flame  has  been  observed  to  vary  in  position 
with  bulk  equivalence  ratio  and  combustor  Reynolds  Number 
(slightly),  but  is  typically  in  the  range  of  160-300  mm  downstream 
from  the  step.  With  normal  airflow  rates  and  air  jet  expansion  rates  in 
the  combustor  (based  on  isothermal  LDA  flow  measurements)  these 
distances  represent  mean  ignition  delay  times  in  the  range  of  0.0033  to 
0.0061  seconds.  For  hot-gas  ignition  of  stoichiometric  propane/air 
mixtures,  (Barrett  &  Hibbard,  1959 ),  these  delay  times  correspond  to 
ignition  temperatures  of  1340-1400K,  which  are  in  good  agreement 
with  the  CARS  temperatures  measured  in  the  outer  shear  layer  just  off 
the  step  (Figure  19)  for  lifted-flame  equivalence  ratios. 

The  holes  and  intermittency  in  the  attached  flame  and  its  loss 
of  visual  luminosity,  at  equivalence  ratios  for  which  the  main  flame 
lifts  (0£1.O5),  could  arise  from  two  possible  causes:  First,  a 
reduction  in  unbumed  fuel  being  delivered  to  the  air  jet  outer  shear 
layer  by  the  recirculation  zone.  Figure  19,  and  the  ignition  delay 
estimates,  support  this  as  a  plausible  mechanism.  The  fuel  returned  by 
the  step  recirculation  would  be  reduced  as  almost  all  of  the  supplied 
fuel  would  be  consumed  in  the  shear  layers  prior  to  reaching  the 
reattachment  plane.  Second,  local  flame-stretch  and/or  quenching  of 
the  attached  flame  as  cold  vortices  formed  in  the  air  jet  move  radially 
to  impinge  on  and  cross  the  front  of  the  attached  flame.  Such  vortices, 
if  of  comparable  dimension  to  the  flame  thickness,  could  result  in  local 
extinctions  by  either  process,  or  both.  This  dual-process  is  the 
hypothesis  for  flame  lift  advanced  by  Dahm  (Broadwell  et  al,  1985 ), 
(Dahm  &  Dimotakis,  1987),  (Dahm  &  Dibble,  1988  ).  The  amplitude 
of  the  attached  flame  oscillations  detected  in  the  research  combustor  by 
the  TFP  investigation  are  of  the  same  order  as  the  measured  flame 
thickness.  The  frequencies  of  the  oscillation,  less  than  10  Hz,  are 
somewhat  consistent  with  vortical  motions  in  shear  layers.  The  scale 
of  the  distortions  revealed  in  the  attached  flame  by  the  LIF  OH- 
imaging  are  also  of  the  same  order  as  the  flame  thickness.  Figures  14 
and  15.  These  pieces  of  evidence  do  strongly  suggest  that  there  is  a 
strong  interaction  of  the  attached  flame  with  shear  layer  vortices.  It  is 
most  likely  that  all  three  of  the  processes  described  are  taking  place 
simultaneously. 

A  major  difficulty  comes  in  convincingly  explaining  the 
existance  of  the  attached  flame  in  the  research  combustor. 

A  conventional  view  of  flame  stability  in  the  research 
combustor  would  be  as  follows:  A  shear  layer  is  formed  between  the 
inner  fuel  jet  and  the  co-annular  air  jet  The  sudden  expansion  at  the 
step  forms  a  step  recirculation  zone,  around  which  the  jet  shear  layers 
expand.  Fuel/air  mixtures  inside  the  flammability  limits  are  formed  in 
the  shear  layers,  and,  where  the  expanding  shear  layers  local  velocities 
fall  to  the  level  of  the  local  turbulent  burning  velocity,  chemical 
reaction  takes  place.  The  majority  of  the  heat  release  occurs  in  these 
shear  layers.  The  step  recirculation  zone  returns  hot  products  of 
combustion  upstream  from  the  reattachment  plane  to  the  outer  edges  of 
the  air  jet  entering  the  combustor.  Mixing  raises  the  temperature  of  the 
air  jet,  so  that  the  fuel/air  mixture  formed  in  the  inner  shear  layer  is 
raised  to  ignition  temperature  and  combustion  is  initiated.  The  position 
of  the  ignition  in  the  shear  layers  would  vary  with  bulk  equivalence 
ratio,  but  there  should  always  be  an  ignition  delay  that  results  in 
some  degree  of  flame  lift  Figures  8  and  19,  and  the  ignition 
delay  calculations  given  above,  indicate  that  the  process  described  is 
essentially  the  mechanism  for  low  equivalence  ratios. 
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A  companion  paper  ( Sloan  A  Sturgess,  1994  )  shows  that 
CFD  calculations  also  yield  this  result  for  all  equivalence  ratios.  For 
bulk  equivalence  ratios  that  ate  fuel-rich  (visually  attached  flame)  there 
is  not  enough  air  introduced  to  burn  ail  of  the  fuel.  However,  the 
temperature  in  the  reacting  jet  shear  layers  is  very  high,  and  almost  all 
of  the  fuel  that  can  be  reacted  is  reacted  there,  together  with  most  of 
the  oxygen.  Very  little  oxygen  enters  the  recirculation  zone.  Of  the 
fuel  that  is  unbumed,  most  exits  the  combustor;  very  little  extra  enters 
the  recirculation  zone.  Fuel  that  does  enter  the  recirculation  zone  is 
returned  to  the  jet  shear  layers  in  oxygen-deficient  mixtures  via  a 
thermal  boundary  layer  existing  on  the  combustor  interior  surfaces. 
When  reacted  with  air  from  the  air  jet  there  is  too  little  fuel  delivered  in 
this  way  to  result  in  sufficient  temperature  rise  to  evidence  the  attached 
flame. 

It  is  apparent  that  additional  unbumed  fuel  somehow  enters 
the  recirculation  zone  directly,  (i.e.  not  via  the  reattachment  plane), 
and  in  sufficient  quantities  at  bulk  equivalence  ratios  over  1.05,  to 
raise  the  temperature  of  the  step  thermal  boundary  layer  to  ignition 
levels  or  greater,  and  to  result  in  local  equivalence  ratios  in  the  air  jet 
outer  layer  that  are  inside  the  flammability  limits  and  also  give  high 
heat  release.  The  LIF  OH-imagining,  Figures  14  and  15,  shows 
instances  of  such  a  mechanism  whereby  there  are  sudden  and  local 
violent  radial  ejections  of  reacting  mixture  from  the  reacting  shear 
layers  into  and  radially  across,  the  step  recirculation  zone  long  before 
the  reattachment  plane  is  reached.  The  recirculating  flow  carries  these 
tendrils  of  high  temperature  reacting  mixture  upstream  to  the  step,  and 
thence,  to  the  outer  air  jet  These  tendrils  could  well  be  the  cause  of 
the  sudden  rise  in  temperature  recorded  by  the  CARS  apparatus  at  the 
co-ordinates  (5,  25)  mm  shown  in  Figure  19.  Of  course,  the  OH- 
imaging  cannot  detect  unreacted  propane  that  is  similarly  ejected,  but 
since  there  are  holes  (Figure  14)  in  the  shear  layer,  unreacted  fuel 
could  likewise  be  ejected  radially  into  the  recirculating  flow  directly. 

The  method  for  radial  transport  directly  into  the  step 
recirculation  zone  has  been  demonstrated.  The  mechanism  that 
produces  the  behavior  must  now  be  explained. 

The  TFP  results  show  that  at  10  mm  downstream,  the 
’attached'  flame,  at  a  24  mm  mean  radius,  oscillates  with  a  4  mm 
displacement  at  frequencies  below  10Hz  for  equivalence  ratios  from 
0.78  to  1.56.  At  5  mm  downstream,  the  CARS  p.d.f.’s  were  found  to 
be  strongly  bimodal  for  radii  between  14  and  19  mm  when  the  flame 
was  visibly  attached  (0>1.O5).  At  this  axial  position  these  radii 
encompass  the  region  of  the  air  jet,  which  has  an  initial  thickness  of  3 
mm.  From  these  pieces  of  evidence  it  therefore  appears  that  the  non¬ 
stationary  behavior  of  the  attached  flame  is  driven  from  the  inside  of 
the  jet  system. 


Figure  3  shows  the  near-field  stationary  flow  characteristics  of 
the  research  combustor  for  isothermal  flow.  Contained  on  the 
centerline  of  the  combustor  in  the  fuel  jet,  is  the  small  central 
recirculation  bubble,  whose  mean  leading-edge  position  is  at  a  z  of  15 
mm,  with  an  axial  extent  of  17  mm  and  a  maximum  radius  of  4.5  mm. 
This  bubble  is  in  extremely  close  proximity  to  the  inner  edge  of  the  jet 
shear  layers,  which  reach  the  combustor  centerline  at  36  mm  from  the 
step-plane,  just  immediately  downstream  of  the  bubble.  The  bubble 
and  jet  shear  layers  are  thus  closely-coupled. 

The  bubble  is  generated  because  the  air  jet  rapidly  entrains  the 
fuel  jet.  This  is  because  the  momentum  of  the  co- annular  air  jet  is 
many  times  that  of  the  central  fuel  jet,  typically  15-20  for  combusting 
flow  ( Sturgess  et  al,  1992b  ).  At  typical  equivalence  ratios,  the 
centerline  mean  axial  velocity  of  the  fuel  entering  the  combustor  is 
very  low,  being  of  the  order  of  the  mass-averaged  combustor  velocity. 
The  axial  and  radial  fluctuating  velocities  as  measured  by  the  LDA, 
however,  are  high  on  the  centerline,  and  are  about  1.5  times  the  mass- 
averaged  combustor  velocity.  The  centerline  reverse-flow  mean  axial 
velocity  in  the  bubble  is  about  equal  to  the  fuel  centerline  inlet 
velocity.  The  central  bubble  is  therefore  highly  unstable. 

Free-stream  recirculation  bubbles  are  known  to  be  unstable. 


The  presence  of  standing  waves  in  a  flow  also  provides  a  feedback 
mechanism  to  allow  any  small  initial  disturbance  that  might  be 
introduced  in  the  entering  flow  to  be  sustained.  The  shear  layer 
formed  around  the  recirculation  bubble  is  inherently  unstable,  and  can 
act  as  a  fluid  amplifier  for  these  initial  disturbances.  Thus,  if  there  is  a 
correct  phase  relationship  between  the  feedback  and  the  natural 
frequency  of  the  bubble  shear  layer,  a  self-excited  oscillation  can  be 
set  up.  This  self-excitation  can  cause  the  dimensions  of  the  major  and 
minor  axes  of  the  bubble  to  vary  in  time,  and  for  the  position  of  the 
bubble  to  move  along  its  major  axis.  Periodic  oscillations  have  been 
observed  experimently  for  both  non-reacting  and  reacting  flows 
{Couldin  etai,  1983  ),  (Vu,  1983  ),  ( Halthome  Gouldin,  1984  ). 

Visualization  of  the  near-field,  center  region  of  the  combustor 
has  been  made  using  reactive  Mie  scattering  (RMS),  (Roquemore  et 
al .,  1991 ).  Titanium  tetrachloride  was  added  to  dry  propane,  and 
moisture  was  added  to  the  air  stream  to  supplement  the  water 
generated  by  chemical  reaction.  Ti02  seed  particles  generated  by  the 
near-instantaneous  reaction  of  TiCl4  with  H20,  were  illuminated  with 
a  sheet  of  frequency-doubled  Nd-Yag  laser-light,  and  the  images 
produced  were  collected  by  a  CCD  camera  that  was  normal  to  the  laser 
sheet. 

The  RMS  images  reveal  that  the  vortices  generated  by  the  jet 
shear  layer  are  about  3  mm  in  diameter,  Le.  the  same  size  as  the  air  jet 
passage,  and  the  same  as  the  amplitude  of  the  attached  flame 
oscillation.  The  images  also  confirm  that  the  central  recirculation 
bubble  is  very  unstable.  It  processes  around  the  circumference  of  the 
fuel  tube  and  moves  axially  to  actually  enter  the  fuel  tube  opening  at 
times.  Although  recirculation  bubble  formation  is  essentially  an 
inviscid  process,  the  movements  of  the  bubble  appear  to  be  Reynolds 
number  dependent  An  increase  in  fuel  flow  rate  moved  the  bubble  out 
of  the  fuel  tube,  and  tended  to  reduce  the  processing.  This  behavior  is 
consistent  with  strengthening  the  reverse  flow  velocity  in  the  bubble. 

Given  the  close-coupling  between  the  jet  shear  layers  and  the 
central  recirculation  bubble,  it  is  reasonable  to  believe  that  the 
movements  of  the  attached  flame  derive  from  those  of  the  bubble. 
Since  the  vortices  in  the  jet  shear  layers  are  comparable  in  size  to  the 
attached  flame  thickness  and  the  radial  movements  are  also  comparable 
in  size,  it  is  also  entirely  possible  to  accept  that  random  movements  of 
the  bubble  could  project  shear  layer  eddies  of  reacting  mixture,  pure 
air,  pure  fuel,  and  of  non-reacting  mixture,  through  into  the  step 
recirculation  zone. 


CONCLUSIONS 

Following  are  the  conclusions  of  this  research  concerning  lean 
stability  in  a  research  combustor 

1 .  The  research  combustor  satisfactorily  reproduces  the  major 
features  of  a  gas  turbine  combustor  primary  zone,  as  was 
the  intent 

2.  The  research  combustor  behaves  like  a  well-stirred  reactor 
during  lean  blowout  This  is  because  flame-lift  at  a  bulk 
equivalence  ratio  of  1.05  causes  partial-premixing  of  the 
reactants  prior  to  reaction.  The  onset  of  a  lean  blowout 
sequence  is  the  loss  of  the  piloting  action  of  an  attached 
flame  for  the  fuel/air  jet  shear  layers,  thereby  resulting 

in  the  flame-lift. 

3.  The  attached  flame  is  continuously  present  over  a  wide 
range  of  both  fuel-rich  and  fuel-lean  equivalence  ratios; 
however,  at  equivalence  ratios  less  than  1.05  it  does  not 
supply  sufficient  energy  to  pilot  the  jet  shear  layers. 

4.  The  attached  flame  is  both  non-stationary  and  intermittent, 
with  intermittency  increasing  rapidly  below  1.05 
equivalence  ratio.  This  behavior  is  a  result  of  eddies  from 
the  jet  shear  layers  impinging  on,  stretching, 

and  penetrating,  the  flame  front 
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5.  The  step  recirculation  zone  does  not  of  itself,  return 
sufficient  un burned  fuel  to  sustain  the  attached  flame.  The 
attached  flame  is  fueled  by  periodic  ejections  of  appropriate 
eddies  from  the  jet  shear  layers,  directly  into  the  upstream 
regions  of  the  step  recirculation  zone. 

6.  The  mechanism  for  the  non-stationary  behavior  of  the 
attached  flame  and  for  the  ejection  of  eddies  from  the  jet 
shear  layers  into  the  step  recirculation  zone,  is  the  close¬ 
coupling  of  the  upstream  portion  of  the  jet  shear  layers  with 
a  non-stationaiy  and  dimensionally-unstable,  central 
recirculation  bubble.  The  central  recirculation  bubble  is 
generated  by  entrainment  of  the  low  momentum  central  fuel 
jet  by  the  high  momentum,  co-annular  air  jet 

7.  Domination  of  the  critical  mass  transport  by  non-stationary 
behavior  of  the  mean  flow  has  potentially-serious 
implications  of  the  efficacy  of  stationary-state  CFD  codes  in 
the  calculation  of  combusting  flows. 

8.  With  respect  to  implications  for  lean  stability  in  practical 
combustors,  the  research  suggests  that  recirculation 
zone-stabilized  combustion  may  not  operate  the  way  it  is 
thought  to  do. 
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1.  SUMMARY 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  lean  blowout  (LBO)  stability  to  ensure  an 
adequate  stability  margin.  Therefore,  a  geometrically  simple, 
optically  accessible,  and  acoustically  decoupled  research 
combustor  was  designed  to  reproduce  the  gross  features  of 
the  flow  field  in  a  modem  annular  gas  turbine  combustor.  Its 
LBO  was  measured  using  methane  and  propane  fuels.  We 
successfully  observed  and  documented  a  systematic  and 
detailed  sequence  of  events  comprising  an  attached  flame,  a 
lifted  shear  flame,  an  intermittent  shear  flame,  the  large-scale 
instability  of  the  flame  front,  and  LBO.  Also,  for  the  sake  of 
comparison,  a  generic  gas  turbine  combustor  was  tested  and 
its  LBO  limits  were  measured. 

We  found  that  LBO  in  the  research  combustor  behaved  like  a 
perfectly  stirred  reactor  (PSR)  for  values  of  combustor- 
loading  spanning  three  orders  of  magnitude.  Also,  LBO  was 
successfully  correlated  using  a  simple  PSR  theory.  Finally, 
Swithenbank's  dissipation  gradient  approach  and  an  eddy 
dissipation  model  with  a  built-in  characteristic  extinction 
time  criterion,  when  coupled  with  CFD,  offer  the  possibility 
of  an  a  priori  calculation  of  LBO.  The  lean  stability  of  a 
generic  gas  turbine  combustor  at  peak  heat  release  rates  was 
less  than  that  in  a  research  combustor.  Also,  in  the  generic 
combustor,  the  flame  changes  from  a  lifted  to  an  attached 
position  depending  upon  how  combustor  loading  is  achieved. 
Due  to  such  complications,  modeling  of  the  LBO  process  that 
works  reasonably  well  with  the  research  combustor  will  be 
seriously  challenged  by  the  blowout  behavior  evidenced  in 
the  generic  gas  turbine  combustor. 

LIST  OF  SYMBOLS 
constant 

D  laminar  diffusion  coefficient 

E  activation  energy 

K  turbulent  kinetic  energy 

LBO  lean  blowout 

LP  loading  parameter 

L/D  length/diameter  ratio 

m  mass  flow  rate 

n  .reaction  order 

P  pressure 

PSR  perfectly  stirred  reactor 

R  gas  constant 

Re  Reynolds  number 

S  species  source  term 
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T  temperature 

V  combustion  volume 

x,y,z  radial,  transverse,  and  axial  distance  resp. 

£  turbulent  dissipation  rate 

^  equivalence  ratio 

v  kinematic  viscosity 

p  density 

O  Schmidt  number 

t  residence  time 

Subscripts 
a  air 

ext  extinction 

f  fuel 

o  oxygen 

nit,N2  nitrogen 
tot  total 

2.  INTRODUCTION 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  combustion  stability,  esj^cially  near  lean 
blowout  (LBO),  to  ensure  an  adequate  stability  margin.  For 
the  aircraft  engine,  combustor  blow-off  limits  are  encountered 
during  low  engine  speeds  at  high  altitudes  over  a  range  of 
combustor  air  loading  parameters.  This  is  illustrated  in  Fig. 

1  as  a  loss  in  the  operating  envelope.  It  is  the  task  of  the 
combustion  engineer  to  design  a  combustor  such  that  all  its 
steady-state  operating  points  lie  inside  the  envelope.  This 
envelope  should  be  extensive  enough  to  encompass  the 
under-  and  over-shoots  associated  with  the  different  response 
rates  to  the  throttle  movements  of  the  fuel  system  and  the 
rotating  machinery.  Further,  the  current  and  likely  future 
design  trends  towards  airblast  atomization,  high  temperature 
rise,  and  low  emissions  are  eroding  the  safety  margins.  For 
these  reasons,  the  U.S.  Air  Force  Wright  Laboratory,  Aero 
Propulsion  and  Power  Directorate  (WL/PO),  Wright- 
Pattcrson  Air  Force  Base,  Ohio  initiated  a  joint  Government, 
Industry,  and  University  research  program  to  understand  and 
model  LBO  in  aircraft  combustors.  This  paper  describes  the 
major  results  and  discusses  various  factors  that  influence 
LBO  in  research  and  practical  combustors. 

In  a  modem  annular  gas  turbine  combustor  (Fig.  2),  flame  is 
stabilized  by  producing  a  recirculation  zone  in  the  flow  field. 
This  zone  is  generated  by  a  combination  of  three 
mechanisms:  an  axial  swirling  air  jet  associated  with  each 
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Fig.  1:  Engine  operating  envelope  superimposed 
on  the  combustor  stability  loop,  illustrating  the 
stability  margins  at  blowout. 


Fig.  2:  Flow  pattern  in  a  modern  annular 
combustor. 

fuel  introduction,  sudden  expansion  of  the  axial  swirling  jets 
as  they  enter  the  primary  zone,  and  back  pressure  provided  by 
an  array  of  radial  air  jets  at  the  end  of  the  primary  zone.  To 
obtain  low  exhaust  emissions,  Pratt  &  Whitney  currently 
tailors  the  combustor  flow  control  mechanisms  to  produce  an 
"inside -out"  recirculation  pattern  (Fig.  2).  Therefore,  the 
research  combustor  was  required  to  reproduce  this  type  of 
recirculation  pattern.  At  the  same  time,  it  had  to  provide 
stable  combustion  over  a  reasonably  wide  variation  in  its 
loading,  be  geometrically  simple  for  ease  of  experimentation 
and  computation,  and  provide  adequate  optical  access  for 
measurements. 

This  paper  discusses  fundamental  processes  in  the  near-field 
region  of  the  combustor  that  elucidate  how  LBO  occurs  in 
practical  combustors,  factors  relating  to  combustor  geometiy 


(c.g.,  back  pressure)  and  operating  conditions  (c.g., 
equivalence  ratio,  fuel  and  air  velocity)  that  influence  LBO,  a 
map  of  flame  behavior  vs.  combustor  loading,  and  the 
application  of  reaction  rate  theory  to  the  correlation  of  LBO 
results. 

3.  EXPERIMENTAL  WORK 

Research  Combustor:  We  designed  a  research  combustor  to 
simulate  three  main  features  of  the  flow  Field  in  a  modem 
annular  gas  turbine  combustor,  (i)  a  reactive  shear  layer 
formed  between  fuel  and  air  jets,  (ii)  the  inside-out  type  of 
recirculation  zone,  and  (iii)  the  interaction  between  and  back¬ 
pressure  exerted  by  transverse  combustion  air  jets  and  axially 
directed  jets  of  fuel-air  mixture.  A  complete  description  of 
the  combustor  design  and  development  is  provided  by 
Sturgess  et  al.  [1]. 


Fig.  3:  Schematic  diagram  of  a  research 
combustor  for  LBO  studies. 

Fig.  3  shows  a  schematic  diagram  of  the  research  combustor. 
It  consists  of  a  27-mm  (i.d.)  central  fuel  tube  of  low-speed 
gaseous  propane  or  methane  surrounded  by  a  40-mm  (i.d.) 
high-speed  coaxial  air  jet  exhausting  into  a  dump  combustor. 
This  arrangement  produces  an  intense  reactive  shear  layer 
between  fuel  and  airstreams.  The  duct  is  closed  at  its 
forward  end  to  yield  a  55-mm-high,  backward-facing  step. 
This  step  provides  an  inside-out  recirculation  zone  which 
feeds  high -temperature  combustion  products  into  the  shear 
layer  and  thus  provides  a  source  of  continuous  ignition  to 
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stabilize  the  flame.  A  perforated  conical  baffle  inserted  five 
diameters  upstream  of  the  fuel  tube  serves  to  acoustically 
isolate  the  fuel  supply  from  the  combustion  process.  As 
shown  in  Fig.  3,  the  step  combustor  is  mounted  vertically  on 
a  small  wind  tunnel.  The  combustor  duct  is  comprised  of  two 
separate  sections.  The  first  section  holds  optical  quartz 
windows  (or  metal  panels  with  thermocouples  and  static 
pressure  tappings  for  wall  temperature  and  pressure 
measurements,  respectively)  on  all  four  sides;  the  second  one 
is  a  250-mm  extension  inconel  chimney.  The  chimney  exit  is 
blocked  with  an  orifice  plate  which  simulates  the  back¬ 
pressure  effect  of  a  practical  combustor.  The  combustor  has  a 
hydraulic  mean  diameter  of  150  mm,  is  475  mm  long,  and 
has  an  exit  orifice  blockage  of  21%,  45%,  or  62%.  The 
combination  of  combustor  and  its  extension  chimney  yields 
(LTD)  ratios  of  3.17, 4.9,  and  6.5,  respectively. 

Test  Conditions:  The  combustion  laboratory  provides 
gaseous  propane  anane  fuels  up  to  20  Kg/hr.  Both  fuelstream 
(Re  =  1,733  to  17,333)  and  airstream  (Re  =  7,233  to  72,322) 
were  monitored  to  within  1.5%.  Ignition  of  the  combustor 
was  satisfactorily  accomplished  using  a  retractable  torch 
igniter.  As  the  LBO  condition  was  approached,  the  attached 
diffusion  flame  lifted  from  the  fuel  tube  and  was  stabilized 
slightly  downstream.  This  was  the  region  of  most  interest 
and  relevance  to  the  present  study. 

Instrumentation:  A  three-component  LDA  system  for 

velocity  measurements  and  a  CARS  system  for  flame- 
temperature  measurements  were  used.  The  optical  window 
size  permitted  data  acquisition  in  the  range  x  =  -70  to  +  70 
mm,  y  =  -33  to  +33  mm,  and  z  =  2  to  360  mm. 

The  LDA  uses  the  green  (514.5  nm)  and  blue  (488  nm)  lines 
of  a  15  W  Argon -ion  laser  as  a  source;  two  measurement 
channels  were  separated  by  polarization  while  a  third  uses 
the  blue  beam.  The  scattered  signals  were  collected  in  a 
forward  direction  at  10  degrees  off  axis.  The  effective  probe 
volume  was  50  x  300  x  750  pm,  the  Bragg  cell  frequency 
shift  was  5  MHz,  and  AI2O3  seed  particles  were  used.  After 
allowing  for  seed  biasing,  the  measurement  uncertainty  in 
mean  velocity  was  1%,  in  rms  velocity  it  was  5%,  and  in 
skewness  and  kurtosis  it  was  7%. 

The  CARS  system  employed  a  BOXCARS  configuration. 
Here,  the  frequency-doubled  source  green  beam  (532  nm) 
was  split  into  four  beams.  A  25-x-250-pm  measuring  spot 
size  was  achieved.  The  CARS  temperatures  were 
determined,  see  Heneghan  et  al.,  (2|,  by  applying  the 
principle  of  local  thermodynamic  equilibrium.  Usually,  500 
samples  were  taken  for  each  CARS  measurement.  It  was 
estimated  that  the  overall  CARS  mean  temperature 
measurement  accuracy  is  within  50K,  while  the  precision  is 
well  within  20K.  Unlike  the  LDA,  the  CARS  measurements 
are  time-averaged  without  density-biasing  effects. 

4.  RESULTS 

Acoustic  Decoupling:  Combustion-induced  acoustic 

oscillations  can  severely  limit  the  operating  range  of  some 
practical  combustors- -especially  parallel-wall  duct 


combustors.  The  acoustic  characteristics  of  this  research 
combustor  were  investigated  because  it  was  feared  that  eddy- 
shedding  off  the  step  might  satisfy  the  Rayleigh  criterion, 
which,  in  turn,  could  set  up  resonance  in  the  combustor  and 
fuel  supply  tube.  Heneghan  et  al.  [3]  have  described  the 
results  of  this  investigation  in  detail.  It  was  found  that  an 
acoustic  isolator  in  the  fuel  tube  and  an  air  inlet  convergence 
that  eliminated  vortex  generation  at  the  inlet  significantly 
decrease  acoustic  coupling.  Finally,  a  research  step 
combustor  with  an  L/D  =  4.9  and  fitted  with  an  orifice  plate 
with  a  blockage  ratio  =  0.45  provided  the  best  combination  of 
LBO  and  freedom  from  acoustic  coupling. 

Isothermal  Flow  Field:  Next,  we  measured  the  isothermal 
flow  field  in  the  combustor  corresponding  to  the  fuel  and  air- 
jet  velocity  ratios  at  the  combustor  blowout  conditions.  This 
investigation  is  described  by  Sturgess  et  al.  |4j.  Fig.  4  shows 
a  typical  result.  The  LDA  measurements  revealed  the 
presence  of  the  primary  zone  flow  features  (i.e.,  a  near-field 
region  comprising  the  jet  shear  layer  and  a  small,  central 
recirculation  zone  generated  by  the  large  momentum  ratio 
between  the  fuel  and  the  air  jets;  an  outer  recirculation  zone 
stabilized  on  the  step;  and  the  far-field  region,  in  which  the 
individual  jets  lose  their  identity  and  exhibit  self-similarity). 
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Fig.  4:  Isothermal  flow  field  results  Illustrating  the 
near-fleld  region,  recirculation  zones,  and  the  far- 
field  region;  (■,  A,  Y*mean  axial  velocity,  □,  O 
turbulence  Intensities,  and  A-max.  velocity 
gradient). 

Flame  Visualization:  Fig.  5  illustrates  the  sequence  of 
events  leading  to  LBO.  As  the  overall  equivalence  ratio  was 
reduced  below  unity,  the  attached  flame  moved  further 
downstream  into  the  combustor  in  a  characteristic  lifted 
flame  position  and  form.  Continuing  reduction  ir 
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equivalence  ratio  produces  an  onset  of  flow  instability  in  the 
lifted  flame,  an  increase  in  the  amplitude  of  the  instability, 
the  onset  of  intermittency,  severe  intermittency,  and,  finally, 
the  onset  of  strong  axial  flame  instability.  This  sequence 
clearly  highlights  the  complexity  of  the  LBO  mechanism  in  a 
modem  annular  gas  turbine  combustor. 
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Fig.  5:  Sequence  of  events  leading  to  LBO  as 
observed  by  flame  visualization. 


Fig.  6:  Calibration  curves  for  simulating 
subatmospheric  pressure  by  using  nitrogen 
dilution. 


In  our  research  combustor,  the  piloting  action  of  the  flame  in 
the  jet  shear  layers  by  the  attached  flame  at  the  step  appears 
to  be  crucial  to  combustor  stability.  Thus,  successful 
modeling  of  the  combustor  stability  requires  the  prediction  of 
the  attached  flame  and  its  lift.  The  OH  images  of  the 
attached  flame,  see  Sturgess  et  al.,  [5),  show  that  its  structure 
at  any  given  time  is  associated  with  local  vortices  shed  from 
the  inner  edge  of  the  combustor  step.  Also,  the  instantaneous 
OH  images  reveal  that  combustion  takes  place  in  a  more 
distributed  form  via  relatively  large  ‘'packets"  of  reaction. 
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Lean  Blowout:  We  measured  LBO  as  a  function  of  air 
loading  parameter  (LP)  over  a  range  of  propane  fuel  flows. 
However,  this  did  not  yield  a  complete  combustor  stability 
loop.  To  achieve  a  wide  variation  in  LP  with  the  simple 
atmospheric  pressure  research  combustor,  a  subatmospheric 
pressure  simulation  was  used.  As  explained  in  Ref.  |6], 
excess  gaseous  nitrogen  was  introduced  into  the  air  supply 
upstream  of  the  combustor  as  a  diluent  to  lower  the 
concentration  of  reactants  and/or  reaction  temperature  by 
virtue  of  its  heat  capacity.  Fig.  6  illustrates  a  calibrated 
relationship  between  equivalent  pressure  and  (nilrogen/fuel) 
mass  ratio  at  blowout  in  the  research  combustor.  This 
technique  permitted  (i)  the  simulation  of  subatmospheric 
pressure  as  low  as  0.1  atm,  (ii)  the  completion  of  the 
combustor  stability  loop  (ranging  from  $  =  0.5  to  0.9),  and 
(iii)  increased  LP  by  two  orders  of  magnitude. 

Fig.  7  shows  the  IJBO  performance  of  our  research  combustor 
and  stability  loops  for  several  well-stirred  reactors  from  the 


Fig.  7:  LBO  vs.  LP  data  for  the  research 
combustor  showing  a  comparison  between  the 
measured  and  the  predicted  results. 

literature,  as  well  as  two  partial  loops  for  practical  gas 
turbine  combustors.  For  these  results,  the  standard  LP  was 
derived  from  the  global  reaction  rate  theory,  but  modified  to 
include  the  effects  of  inert  excess  nitrogen; 


LP  =  mtot/(VPn), 

a) 

mtot  ~  mf  +  ma  +  mnit» 

(2) 

and 

n  =  2  4>  LBO  ^ 1  +  mnit/ma) 

(3) 

The  trend  of  LBO  vs.  air  loading  shown  in  Fig.  7  is  very 
similar  to  that  found  for  a  perfectly  stirred  reactor  (PSR);  the 
latter  approaching  the  characteristics  of  a  future  generation  of 
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ideal  premixed,  prevaporized,  near-stoichiometric 
combustors.  Thus,  it  is  reasonable  to  conclude  that  our 
research  combustor  correctly  reproduced  the  LBO  processes 
of  a  real  gas  turbine  combustor.  Also  plotted  in  this  figure 
are  results  for  a  gas  turbine  combustor  fitted  with  a  vaporizer 
tube  and  another  one  fitted  with  a  strongly  swirling 
pre filming  airblast  atomizer.  In  addition  to  their  different 
fuel  injection  patterns,  these  two  combustors  had  completely 
different  flow  fields  (as  compared  to  the  combustor  of  Fig.  1) 
due  to  their  different  shapes,  method  of  fuel  introduction,  and 
liner  hole  patterns.  These  results  clearly  suggest  that  a 
simple  and  general  correlation  for  LBO  is  not  possible. 
However,  as  will  be  shown  later,  direct  calculation  for  each 
combustor  offers  the  only  possibility  of  making  reliable  a 
priori  estimates  of  stability  in  gas  turbine  combustors. 

To  simulate  the  presence  of  dilution  air  jets,  we  investigated 
the  effects  of  back  pressure  on  the  LBO  in  our  research 
combustor.  These  results  are  discussed  in  detail  in  Ref.  [7];  a 
typical  result  is  presented  in  Fig.  8.  As  seen  in  the  Figure, 
LBO  was  improved  by  increasing  the  exit  blockage. 
However,  we  found  that  (see  Ref.  7)  above  a  blockage  of 
45%,  (i)  significant  interference  occurs  between  the  outlet 
and  the  combustor  flame  holding,  and  (ii)  LBO  does  not 
improve  much.  Thus,  we  concluded  that  an  exit  blockage  of 
45  percent  provides  the  best  combustion  stability  and  optimal 
configuration  (i.e.,  for  a  combustor  of  exit  blockage  =  45 
percent  and  L/D  =  4.9,  the  LBOs  were  virtually  independent 
of  blockage  and  acoustic  coupling).  For  a  lightly  loaded 
combustor  (near  the  flammability  limits),  exit  blockage  exerts 
a  weak  influence  on  LBO,  primarily  through  its  effect  on  the 
jet  and  the  recirculation  zone  shear  layers.  For  high 
combustor  loadings  (near  the  peak  heat  release  rate),  exit 
blockage  had  a  strong  effect  on  the  LBO  via  the  dynamic 
behavior  of  the  flow  in  the  near-field  (especially  the 
interaction  of  the  central  recirculation  bubble  with  the  jet 
shear  layers)  and  of  the  jet  shear  layers  with  the  step 
recirculation  zone. 

5.  ANALYSIS 

Complete  calculation  of  stability  by  using  the  CFD 
techniques  to  defme  the  combustor  flow  field  locally  is  not  a 
viable  approach.  LBO  is  dominated  by  the  kinetics  of 
chemical  reaction;  therefore,  CFD  calculations  of  a  large 
number  of  chemical  reactions  would  be  required  to  yield  the 
correct  heat  release.  For  example,  for  hydrocarbon  fuels,  a 
general  transport  equation  of  the  form, 

d/dxj  (  p  uj  mj  -  reff  (8  mj/8xj)>  =  Sm  (4) 

where  i  denotes  chemical  species,  m-  is  the  mass  fraction  of  i, 
and  Sm  is  a  species  source  term,  would  have  to  be  solved  for 
each  species.  The  computational  burden  of  doing  so  is 
presently  unacceptable  in  the  context  of  the  complicated  flow 
field  and  confining  boundaries  of  the  real  gas  turbine 
combustor.  Therefore,  the  chemistry  was  uncoupled  from  the 
fluid  dynamics  and  analysis  of  LBO  was  addressed  at  three 
levels  of  increasing  difficulty: 


1.  characteristic  time  modeling  based  on  a 
phenomenological  approach,  with  CFD  providing  local 
flow  properties, 

2.  stirred  reactor  network  modeling  established  on  the 
basis  of  CFD  analysis  of  the  flow  field,  and 

3.  subgrid-level  stirred  reactor  modeling  using  reactor 
extinction  criteria  based  on  the  characteristic  time  model 
(1)  above. 


Fig.  8:  Influence  of  exit  blockage  on  LBO  at  low 
and  high  combustor-loadings. 


Characteristic  Time  Approach:  This  approach  is  based  on 
the  reaction-quench  model  which  assumes  that,  at  LBO, 
flame  propagation  will  cease  when  the  rate  of  mixing 
between  small  turbulent  eddies  of  cold  reactants  and  bot 
products  is  greater  than  the  local  chemical  reaction  rate.  This 
quenching  criteria  finds  its  origin  in  the  work  of  Lockwood 
and  Megahed  [8]  and  yields: 

1.5(D  +  CnK2/otE)/v(  1  +  Si/(ev)0-25)>1.0  (5) 

where  D  is  the  laminar  diffusion  coefficient,  K  is  the  kinetic 
energy  of  turbulence,  e  is  the  dissipation  rate,  is  a 

constant,  Ot  is  the  turbulent  Schmidt  number,  and  Sl  is  the 
laminar  flame  speed. 

Since  the  quenching  criterion  requires  turbulence  parameters 
for  evaluation,  isothermal  flow  CFD  calculations  were 
performed  to  provide  this  information  at  each  grid  node. 
Quenching  was  examined  on  a  point-by-point  basis  to 
ascertain  if  any  part  of  the  flow  field  could  support 
combustion.  Further,  two  additional  conditions  were 
imposed;  (i)  local  fuel/air  ratio  must  be  within  the 
flammability  limits,  and  (ii)  local  mean  velocities  should  be 
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less  than  or  equal  to  turbulent  burning  velocity.  In  a 
somewhat  limited  evaluation,  Eq.  (5)  showed  promise  in  the 
step  combustor  in  delineating  between  operating  conditions 
where  combustion  was  possible  and  where  it  was  not. 
Eventually,  this  approach  provided  the  reactor  extinction 
criteria  for  the  subgrid-level  stirred  reactor  modeling. 


A3- .164  xNon-Ooma  Flow  A*  «  235  x  Non-Dorm  flow 

(HWRMrhotM)  pNrf  rowhotas) 


such  calculations  since  only  the  thcnnochemical  limits  to 
combustion  can  be  determined. 

Subgrid  Scale  Reactor  Modeling:  The  eddy  dissipation 
concept  (EDC)  of  Byggstoyl  and  Magnussen  [11]  represents  a 
general  model  for  chemical  reaction  in  turbulent  flow.  In  the 
EDC  model,  the  reactants  are  homogeneously  mixed  within 
the  fine  structure  (Kolmogoroff  eddies)  of  turbulence; 
therefore,  these  fine  structures  can  be  treated  as  PSRs.  If  the 
volume  and  the  mass  exchange  rate  between  the  reactors  and 
the  surrounding  fluid  are  known,  chemical  reactions 
occurring  within  the  PSRs  can  be  calculated  using  a  system  of 
equations.  Since  the  Kolmogoroff  scale  is  always  less  than 
the  CFD  grid  size,  the  modeling  represents  a  subgrid  scale 
approach.  In  contrast  to  the  characteristic  time  analysis  and 
local  stirred  reactor  modeling,  this  approach  tests  the 
individual  reactor  stability  within  the  CFD  calculations. 
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Fig.  9;  A  typical  simulation  of  a  combustor 
primary  zone  using  the  PSR  network. 

Local  Stirred  Reactor  Modeling:  In  this  approach,  the 
combustor  volume  is  represented  by  an  equivalent  global 
stirred  reactor  network.  This  enables  the  calculation  of 
stability  from  thermo-chemistry  considerations.  We  applied 
Swithenbank's  [9]  dissipation  gradient  approach  for  defining 
PSR  regions  in  the  combustor.  Fig.  9  shows  a  typical  reactor 
network  that  simulates  the  generic  combustor  primary  zone. 
To  establish  such  a  global  reactor  network,  considerable  and 
careful  post -processing  of  a  CFD  solution  for  the  generic 
combustor  was  performed.  Row  structures  were  identified 
by  visualization,  connectivity  and  local  mass  flow  rates  were 
assigned,  and  flow  topology  mapping  techniques,  e.g..  Ref. 
1 10),  were  used.  Based  on  the  Swithenbank  approach  [9],  a 
rapid  mixing  region  of  the  combustor  was  established  from 
CFD  calculations.  This  region  was  defined  as  the  volume 
contained  within  a  surface  contour  containing  96%  of  the 
turbulence  kinetic  energy  and  99%  of  its  dissipation  rate,  and 
over  which  the  total  dissipation  gradient  was  not  less  than  ten 
times  the  minimum  value  recommended  by  Swithenbank. 
From  within  this  rapid-mixing  region,  a  PSR  volume  was 
defined  by  super-imposing  an  additional  space  encompassing 
fucl/air  mixtures  falling  inside  the  flammability  limits  for 
propane  and  air.  For  the  research  combustor,  the  resulting 
reactor  was  44%  of  the  combustor  volume  and  corresponded 
reasonably  well  to  the  lifted  flame  observed  in  the  real 
combustor.  As  shown  in  Ref.  [6],  good  agreement  was  found 
between  predictions  and  experiments  for  the  research 
combustor. 

Thus,  networks  of  stirred  reactors,  particularly  when 
established  from  CFD  calculations,  appear  to  offer 
possibilities  for  calculating  limiting  LBO  performance. 
However,  care  may  be  needed  in  interpreting  the  results  of 


Use  of  full  or  even  reduced  chemical  kinetics  imposes  a  high 
cost  on  the  calculations.  Therefore,  an  alternative  approach 
was  to  assume  a  one-step,  irreversible  reaction  step  and/or 
fast  chemistry,  then  use  a  local  quenching  criterion.  The 
validity  of  the  calibrated,  global,  single-step  reaction 
mechanism  approach  was  tested  by  comparing  it  to  the  data 
of  Kretschmer  and  Odgers  [12]  and  Clarke  et  al.  [13].  Also, 
an  extinction  residence  time  was  defined  as  xext  =  (p 
/m  )cxt  where  m  is  the  total  inlet  mass  flow  rate  per  unit 
volume  of  the  reactor.  Thus,  when  ^  Tcxt  reactions 

occur,  the  hydrodynamic  residence  time  in  the  fine  scales  can 
be  related  to  the  bulk  fluid  through  the  mass  fraction  of  fine 
structures  present  in  the  flow.  This  characteristic  time 
approach  to  LBO  within  the  EDC  model  was  implemented 
with  fast  chemistry  for  propane- air  combustion  and  tested  for 
an  attached  flame  at  fuel-rich  conditions. 

The  ax i symmetric  CFD  calculations  were  made  using  the 
Pratt  and  Whitney  two-dimensional  PREACH  code.  Three 
constraints  were  applied  on  the  chemical  reaction;  (i)  the 
EDC  model  with  characteristic  time-based  extinction 
criterion  was  implemented,  (ii)  the  local  mixture  should  be 
within  flammability  limits  (lean  $  =  0.2  or  0.5  depending 
upon  reactant  temperature  and  upper  to  2.0),  and  (iii) 
turbulence  effects  on  the  flame  burning  velocity.  Fig.  10 
shows  typical  calculated  isotherms  for  what  should  be  the 
attached -flame  condition.  These  results  show  that  the 
stoichiometric  contour  crosses  the  step  recirculation  zone 
from  the  confluence  of  the  jets  and  reaches  the  combustor 
wall  about  halfway  between  the  step  and  the  recirculation 
reattachment  plane.  We  can  infer  from  these  temperature 
contours  that  the  main  flame  exists  in  the  jet  shear  layers  and 
originates  about  10  cm  from  the  step-plane  (i.e.,  it  is  lifted 
and  not  attached).  It  is  (hick  and  follows  the  stoichiometric 
contour  across  the  recirculation  zone.  There  is  some 
agreement  between  the  characteristics  of  the  inferred  flame 
and  the  actual  flame  observed  in  the  time-mean  photographs 
and  in  the  near-instantaneous  pictures  of  laser-induced  OH 
fluorescence  where  concentrated  islands  of  reaction  in  the  jet 
shear  layer  thicken  the  flame  region.  However,  it  was  found 
that  this  model  calculated  the  lifted-flame  condition  but  was 
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Fig.  10:  Isotherms  (curve  values  in  degrees  K) 
calculated  using  the  EDO  model  for  the  attached- 
flame  conditions  in  a  research  combustor 


Fig.  11:  Schematic  diagram  illustrating  the  design 
features  of  the  generic  gas  turbine  combustor. 

unsuccessful  in  predicting  the  all-important  attached-flame 
condition.  Summarizing: 

(a)  A  research  step  combustor  was  successfully  developed.  It 
produced  three  important  features  of  the  flow  field  that  affect 
LBO  in  a  practical  combustor,  (i)  a  reactive  shear  layer  at  the 
exit  to  the  fuel  nozzle,  (ii)  inside-out  recirculation  zones,  and 
(iii)  back  pressure  provided  by  dilution  air  jets. 

(b)  The  step  combustor  acoustic  characteristics  were 
optimized;  this  permitted  its  operation  in  a  stable  and 


predictable  manner.  A  detailed  sequence  of  events  leading  to 
LBO  and  comprising  the  attached -flame  region,  lifted  shear 
flame,  intermittent  shear  flame,  and  the  large-scale  instability 
of  the  flame  front  was  observed. 

(c)  The  combustor  flow-field  measurements  revealed  three 
regions:  near-field,  step-recirculation,  and  far-field  regions. 
In  these  regions,  the  turbulent  fuel-air  mixing  and 
entrainment  were  governed  by  a  potential  core,  a  central 
recirculation  bubble,  and  a  self-similar  jet  development, 
respectively. 

(d)  The  LBO  process  (<}>  =  0.4  to  1.2)  in  the  step  combustor 
behaved  like  a  PSR  for  LP  values  in  the  range  of  0.1  to  100 
lb/s-ft^-atm^.  Also,  the  LBO  was  successfully  correlated 
with  a  standard  LP  derived  from  the  PSR  theory.  Finally, 
Swithenbank's  (9]  dissipation  gradient  approach  and  an  EDC 
model  (Ref.  11)  with  a  built-in  characteristic  extinction  time 
criterion  offer  the  possibility  of  an  a  priori  calculation  of 
LBO. 

6.  GENERIC  GAS  TURBINE  COMBUSTOR 
A  final  test  of  this  research  and  modeling  effort  is  to  be  able 
to  predict  LBO  in  an  actual  gas  turbine  combustor.  To 
perform  such  a  test,  a  generic  gas  turbine  combustor  was 
designed  with  three  special  requirements;  (i)  its  LBO 
performance  should  be  consistent  with  that  of  an  actual  gas 
turbine  combustor,  (ii)  its  geometric  configuration  and  flow 
distribution  should  be  variable  so  that  the  effects  of  residence 
time  and  mixture  ratio  on  the  LBO  can  be  studied,  and  (iii) 
good  optical  access  should  be  available  for  descending  the 
flow  field  and  combustion  zone. 

Fig.  11  shows  a  schematic  of  a  Pratt  and  Whitney  designed 
generic  combustor  which  is  a  four-injector,  planar-section, 
simplified  geometry  version  of  a  modem  Pratt  and  Whitney 
annular  combustor  sector.  This  sector  employs  airblast- 
atomizing  fuel  injectors,  an  engine-type  injector/dome 
interface,  and  the  "inside-out"  recirculation  zones.  The 
liners,  upper  and  lower,  are  removable  and  may  contain  any 
desired  pattern  of  air  ports.  The  metal  liners  do  not  have  any 
specific  internal  film  cooling  but  are  provided  with  a  thermal- 
barrier  coating  and  are  convcctively  cooled  by  the  shroud 
flows.  Ignition  is  accomplished  by  means  of  a  hydrogen  torch 
ignitor.  Individually  metered  air  is  supplied  to  the  dome  and 
upper  and  lower  shrouds,  provisions  are  made  to  supply 
gaseous  nitrogen  for  subatmoshcric  pressure  simulation,  and, 
finally,  fuel  can  be  either  propane  or  methane.  This 
combustor  is  designed  to  operate  at  65  psia  with  a  variation 
in  dome  air  from  10%  to  40%  of  the  total  combustor  air  flow. 
The  facility  in  which  the  combustor  is  installed  is  capable  of 
supplying  air  up  to  30  Ibs/sec  at  ambient  temperature  and 
fuels  up  to  30  Ibs/hr.  Finally,  side  walls  made  of  fused 
quartz  and  contained  in  water-cooled  housings  are  provided 
for  flow  visualization.  Sturgess  and  Shouse  (14)  have 
provided  a  detailed  description  of  the  construction,  operation, 
and  LBO  tests  on  this  combustor. 

Fig.  12  illustrates  the  primary  zone  stability  (LBO)  of  the 
generic  combustor  with  lifted  and  attached  flames  against  the 
LBO  data  obtained  from  the  research  combustor  as  well  as 


274 


23-8 


the  predictions  for  the  research  combustor.  The  generic 
combustor  data  were  obtained  for  4be  10%,  15%,  and  20% 
dome  flow.  Since  the  flames  near  blowout  in  the  research 
combustor  were  all  lifted,  the  partial  premixing  characteristic 
of  the  lifted  flames  in  both  combustors  should  be  similar. 
The  LBO  stability  of  the  generic  combustor  at  peak  heat 
release  rates  appears  to  be  less  than  that  of  the  research 
combustor.  One  likely  reason  may  be  the  different  fuel -air 
mixing  rates  in  the  generic  combustor. 


7.  CONCLUSIONS 

Following  is  the  summary  and  conclusions  of  our  research. 

1.  A  geometrically  simple,  optically  accessible,  and 
acoustically  decoupled  research  combustor  to  reproduce 
the  gross  features  of  the  flow  field  in  a  modem  annular 
gas  turbine  combustor  was  designed  and  its  LBO  was 
measured. 

2.  We  successfully  observed  and  documented  a  systematic 
and  detailed  sequence  of  events  comprising  an  attached- 
flame,  lifted  shear  flame,  intermittent  shear  flame,  large- 
scale  instability  of  the  flame  front,  and  the  LBO.  These 
individual  events  clearly  highlight  the  complexity  of  the 
LBO  mechanism. 

3.  Simple  phenomenological  correlation  based  on  PSR 
theory  was  successful.  The  LBO  process  ($  =  0.4  to  1.2) 
in  the  research  combustor  behaved  like  a  PSR  for  LP 
values  in  the  range  of  0.1  to  100  lb/s-ft^-atm^.  Also,  the 
LBO  was  successfully  correlated  with  a  standard  LP 
derived  from  the  PSR  theory.  Finally,  Swithenbank's  [9] 
dissipation  gradient  approach  and  an  EDC  model  (Ref. 
11)  with  a  built-in  characteristic  extinction  time 
criterion  offer  the  possibility  of  an  a  priori  LBO 
calculation. 
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Fig.  12:  LBO  vs.  LP  data  for  the  generic  gas  turbine 
combustor  operating  in  the  lifted-  and  attached- 
flame  modes  compared  with  data  for  the  research 
combustor. 

It  appears  that  the  gross  features  of  the  LBO  can  be 
successfully  correlated  by  the  combustor-loading  parameter 
based  on  the  PSR  approach  for  a  specific  combustor. 
However,  a  simple  phenomenological  correlation  is  unlikely 
to  explain  the  details  of  the  LBO  process.  For  example,  the 
LBO  process  at  simulated  low  pressures  is  rather  complicated 
in  a  generic  combustor.  It  contains  quasi-staging  of  fuel  as 
the  loading  increases  with  subsequent  flame  stabilization  by 
the  combustion  air  jets  as  well  as  the  primary  zone.  When  jet 
stabilization  exists,  LBO  is  insensitive  to  dome  airflow  and 
vice  versa.  Finally,  the  flame  changes  from  a  lifted  to  an 
attached  position  and,  at  a  given  loading,  either  flame  can 
exist  depending  on  how  combustor-loading  is  achieved.  Due 
to  such  complications,  correlations  of  experimental  data 
cannot  be  general  enough  to  form  a  unique  design  curve 
which  can  determine  the  LBO  stability  margin  of  a  practical 
gas  turbine  combustor.  Thus,  modeling  of  the  LBO  process, 
which  works  reasonably  well  with  the  research  combustor, 
will  be  seriously  challenged  by  the  blowout  behavior 
evidenced  in  the  generic  gas  turbine  combustor. 


4.  LBO  stability  at  peak  heat  release  rates  in  a  generic  gas 
turbine  combustor  was  less  than  in  the  research 
combustor.  Also,  the  flame  changes  from  a  lifted  to  an 
attached  position  and,  at  a  given  loading  either  flame 
can  exist  depending  on  bow  combustor-loading  is 
achieved.  Due  to  such  complications,  it  was  not  possible 
to  uniquely  determine  the  LBO  stability  margin  of  a 
practical  gas  turbine  combustor.  Thus,  modeling  of  the 
LBO  process,  which  works  reasonably  well  with  the 
research  combustor,  will  be  seriously  challenged  by  the 
blowout  behavior  evidenced  in  the  generic  gas  turbine 
combustor. 
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Discussion 

Question  1.  D.K.  Hennecke 

In  the  experiments,  you  did  not  simulate  the  cooling  films.  Don’t  you  think  that  they  would  influence  the  size  and  shape  of  the 
“inside  out”  vortex  as  the  films  flow  against  the  vortex  flow? 

Author’s  Reply 

The  influence  of  the  cooling  film  on  the  size  and  shape  of  the  “inside  out”  recirculation  zone  is  negligibly  small.  This  is  because  in 
modem  annular  combustors  the  cooling  air  film  is  pretty  much  confined  to  the  wall  boundary  layer  Also,  the  mass  and 
momentum  of  the  “inside  out”  recirculation  zone  is  perhaps  two  orders  of  magnitude  (or  more)  greater  than  that  of  the  cooling 
film.  Therefore,  the  cooling  film,  at  best,  causes  only  a  minor  perturbation  of  the  “inside  out”  vortex  flow.  For  this  reason,  it  was 
not  considered  worthwhile  to  add  complexity  of  simulating  the  cooling  film  in  the  research  combustor  hardware. 
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ABSTRACT 

This  paper  presents  results  from  an  Air  Force  program  being 
conducted  by  researchers  at  Brigham  Young  University  (BYU) 
Wright-Patterson  Air  Force  Base  (WPAFB),  and  Pratt  and 
Whitney  Aircraft  Co  (P&W).  This  study  is  part  of  a 
comprehensive  effort  being  supported  by  the  Aero  Propulsion 
and  Power  Laboratory  at  Wright-  Patterson  Air  Force  Base,  and 
Pratt  and  Whitney  Aircraft,  Inc.  in  which  simple  and  complex 
diffusion  flames  are  being  studied  to  better  understand  the 
fundamentals  of  gas  turbine  combustion  near  lean  blowout. 
The  program's  long  term  goal  is  to  improve  the  design 
methodology  of  gas  turbine  combustors. 

This  paper  focuses  on  four  areas  of  investigation:  1) 
digitized  images  from  still  film  photographs  to  document  the 
observed  flame  structures  as  fuel  equivalence  ratio  was  varied, 
2)  sets  of  LDA  data  to  quantify  the  velocity  flow  fields  existing 
in  the  burner,  3)  CARS  measurements  of  gas  temperature  to 
determine  the  temperature  field  in  the  combustion  zone,  and  to 
evaluate  the  magnitude  of  peak  temperature,  and  4)  two- 
dimensional  images  of  OH  radical  concentrations  using  PLIF 
to  document  the  instantaneous  location  of  the  flame  reaction 
zones. 

INTRODUCTION 

As  part  of  a  comprehensive  Air  Force  program,  three 
different  combustors  have  been  utilized  to  investigate  lean 
blowout  in  aircraft  gas  turbine  engines.  These  vehicles  consist 
of  a  simplified  research  combustor  (Task  100),  a  technology 
combustor  (Task  150),  and  a  simplified,  generic  gas  turbine 
combustor  (Task  200).  The  technology  combustor  (Task  150) 
incorporates  the  practical  fuel  injectors  used  in  the  generic  gas 
turbine  combustor  (Task  200)  into  the  simpler  research 
combustor  (Task  100),  to  permit  study  of  injector 
characteristics  in  isolation.  The  work  presented  concerns  work 
with  the  Task  150  technology  combustor.  While  many  detailed 
studies  exist  in  the  literature  concerning  jet  flames,  both  free 
and  enclosed,  almost  nothing  is  available  on  the  flame 
characteristics  produced  by  practical  ways  of  introducing  the 


reactants  into  an  engine  combustor.  This  work  goes  some  way 
towards  remedying  this  situation. 

The  Task  150  technology  combustor  uses  a  practical  liquid 
fuel  injector  with  a  classic  gas  turbine  engine  air  blast 
atomizing  configuration,  involving  co-swirling  airsheets  on 
either  side  of  a  co-swirling  annular  (normally  liquid)  fuel  sheet, 
with  the  outer  air  passage  and  the  fuel  passage  both 
converging  on  the  central  air  passage.  For  this  study,  the 
burner  was  fueled  by  gaseous  propane.  Two  injectors  of  this 
same  configuration  have  been  used,  high-swirl  (HS)  and  low- 
swirl  (LS)  injectors.  Only  data  from  the  high-swirl 
configuration  are  reported  in  this  paper.  The  technology 
combustor  has  been  configured  so  that  the  geometry  around  the 
injector  is  nearly  axi-symmetric  with  a  diameter  of  about 
150  mm.  However,  the  combustor  incorporates  flat  quartz 
windows  about  60  mm  in  width  on  each  of  four  sides  so  that 
laser  based  optical  diagnostic  instruments  can  be  used.  This 
unique  configuration  allows  complex  diagnostic  measurements 
to  be  made  in  a  simpler  geometry  than  the  Task  200  generic 
gas  turbine  combustor,  but  which  embodies  most  of  the 
features  of  an  actual  jet  engine  combustor  in  a  near  axi- 
symmetric  configuration  that  is  easier  to  mathematically 
model.  Four  methods  of  measurements  have  been  used  to 
characterize  the  flame.  These  include  still  film  photographs, 
LDA  measurements  of  velocity,  CARS  measurements  of  gas 
temperature,  and  images  from  PLIF  measurements  of  the  OH 
radical. 

Experimental  tests  have  been  conducted  on  the  research 
combustor  at  both  BYU  and  WPAFB  locations.  These  tests 
included  operational  characteristics,  flow  partitioning  in 
various  injector  passages,  visual  flame  structure,  planner  laser 
induced  fluorescence  (PLIF)  imaging  of  OH  radicals  in  the 
flame  boundary,  laser  Doppler  anemometry  (LDA)  velocity 
information,  and  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  temperature  data.  The  effects  of  various  parameters  on 
the  fuel  equivalence  ratio  at  lean  blowout  (LBO),  an  important 
operational  characteristic,  have  also  been  investigated  but  are 
not  reported  in  this  paper. 
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Intriguing  flame  structures  have  been  visually  observed,  and 
captured  in  video  images,  digitized  still  photographs,  and  PLIF 
images  of  the  OH  radical  with  the  Task  150  configuration.  The 
digitized  images  from  still  photographs  have  characterized  the 
flame  shapes  observed  visually.  The  instantaneous  two- 
dimensional  PLIF  images  have  frozen  flame  structures  missed 
with  the  visual  observations.  The  partitioning  of  air  flows 
through  the  dome  and  insert  jets,  and  the  primary  and  the 
secondary  air  swirlers  was  also  determined.  Preliminary 
analysis  of  PLIF  images  of  the  OH  radical,  combined  with  air 
flow  split  information,  have  helped  describe  the  basic  mixing 
patterns  observed  as  the  fuel  equivalence  ratio  is  changed.  The 
flame  attaches  to  the  burner  or  lifts  from  the  burner  as  the  fuel 
equivalence  ratio  is  changed. 

LDA  measurements  have  quantified  the  axial,  radial,  and 
tangential  velocity  components  in  the  combustor  for  two 
operating  conditions  (<J>  =  0.72  and  §  =  1.49)  at  an  air  flow 
rate  of  500  slpm.  This  information  has  yielded  local  velocity 
and  turbulence  data  and  preliminary  analysis  of  zero  axial 
velocity  contours  has  been  used  to  identify  the  major 
recirculation  zones.  Data  from  both  isothermal  flows  and 
combusting  hot  flows  have  been  collected.  Mean  axial, 
tangential,  and  radial  velocity  LDA  data  for  combusting  hot 
flow  data  are  presented  in  the  paper.  This  data  is  also  useful  for 
model  validation. 

CARS  gas  temperature  data  have  also  been  collected  for  the 
Task  150  technology  combustor  with  the  high  swirl  injector  at 
an  air  flow  rate  of  500  slpm  and  at  fuel  equivalence  ratios  ($)  of 
0.75,  1.00,  1.25,  and  1.50.  This  unique  set  of  data  shows  the 
corresponding  geometrical  changes  in  the  structure  of  the 
mean  gas  temperature  distribution  as  fuel  equivalence  ratio  is 
changed,  and  quantifies  the  change  in  the  magnitude  of  the 
peak  temperature  as  the  fuel  equivalence  ratio  changes  from 
lean,  to  stoichiometric,  to  fuel  rich.  Mean  gas  temperature  data 
for  <t>  =  0.75,  1.00,  and  1.50  are  presented  in  the  paper. 

COMBUSTOR  TEST  FACILITY 

Three  burners  are  being  utilized  as  part  of  a  comprehensive 
Air  Force  program  to  investigate  lean  blowout  in  the 
combustors  of  aircraft  gas  turbine  engines  (Sturgess,  et  al., 
1991b).  These  vehicles  consist  of  the  simplified  Task  100 
research  combustor,  the  Task  150  technology  combustor,  and 
the  Task  200  simplified,  generic  gas  turbine  combustor.  This 
work  provides  a  bridge  between  the  combustion  characteristics 
of  confined,  coannular  fuel  and  air  jets  discharged  into  a  sudden 
expansion  (Task  100  research  combustor)  and  the 
characteristics  of  a  linear  array  of  four  swirling  fuel  injectors 
installed  in  a  rectangular  combustion  chamber  that  simulates  a 
segment  of  a  real  jet  engine  combustor  (Task  200  simplified, 
generic  gas  turbine  combustor).  The  Task  150  technology 
combustor  incorporates  one  of  the  practical  fuel  injectors  used 
in  the  Task  200  generic  gas  turbine  combustor  into  the  simpler 
Task  100  research  combustor,  to  permit  study  of  its 
characteristics  in  isolation.  The  use  of  the  Task  150 
technology  combustor  allows  the  combustion  characteristics 
of  a  real  injector  to  be  investigated  in  a  simple  geometry  where 
various  diagnostic  measurements  (primarily  laser-based 
optical  measurements)  can  be  more  easily  made. 

In  an  actual  engine  combustor,  additional  combustion  and 
cooling  air  is  added  to  the  combustor  downstream  of  the  actual 
fuel  injector.  This  adds  an  additional  complexity  to  the  flow 
and  combustion  characteristics  which  is  being  investigated  in 


a  subsequent  study.  Only  the  characteristics  in  the  zone  near 
the  injector  are  presented  in  this  paper. 

The  work  reported  herein  was  accomplished  in  identical 
burners  available  in  the  Combustion  Laboratories  at  BYU  and 
WPAFB  respectively.  The  burners  were  designed  by  researchers 
at  P&W  (Sturgess,  et  al.,  1992a)  and  fabricated  at  WPAFB.  The 
features  of  the  dome  and  injector  can  be  seen  in  Figure  1.  The 
type  injector  used  in  this  study  is  a  classic  gas  turbine  engine 
air  blast  atomizing  configuration,  involving  co-swirling 
airsheets  on  either  side  of  a  co-swirling  annular  (normally 
liquid)  fuel  sheet,  with  the  outer  air  passage  and  the  fuel 
passage  both  converging  on  the  central  air  passage. 

Two  injectors  of  this  same  configuration  were  used.  The 
high-swirl  (HS)  injector  has  a  nominal  swirl  number  (based  on 
vane  angle)  of  1.41,  and  the  low-swirl  (LS)  injector  has  a 
nominal  swirl  number  of  1.05.  The  total  air  passage  effective 
areas  were  0.176  in^  for  the  HS  injector  and  0.266  in^  for  the 
LS  injector,  with  outer  to  inner  flow  splits  of  2.8  and  2.2 
respectively.  The  outer  swirler  vane  angle  was  55  degrees  for 
both  injectors,  while  the  inner  swirler  vane  angle  was  70 
degrees  for  the  HS  injector  and  45  degrees  for  the  LS  injector. 
The  injectors  were  mounted  in  a  plain  bulkhead  dome 
containing  insert  jets  angled  at  12.5  degrees  into  the  flame, 
and  radially  outwards  flowing  film  cooling  jets.  This 
arrangement  closely  simulates  that  of  an  engine  combustor. 
The  total  effective  air  flow  area  of  the  dome,  excluding  the  fuel 
injector,  was  0.160  in^. 


80  Dome 
Cooling 
Jets 


15  Insert 
Jets 


\j 


Fueh — _ _ 

Passage)  ^ 


Deflector  • 

Cooling  Quartz-—*: 

Window  : 


Aluminum  pH 
Dome  I 


Inconel 

Shell 


Fuel  Nozzle 


•  Secondary 
Swirler 
-  Primary 


Aluminum 
Shell 


v 


Swirler 


|  Swirl  Vanes 


FIGURE  1,  SCHEMATIC  OF  THE  T150 
HIGH  SWIRL  INJECTOR 


The  combustion  chamber,  shown  in  Figure  2,  has  been 
designed  to  be  nearly  axisymmetric  and  incorporate  quartz 
windows  to  allow  optical  diagnostics  (primarily  laser-based 
optical  measurements)  to  be  made.  The  combustor  cross- 
section  is  square  with  generously  filleted  comers  to  minimize 
secondary  flow  development.  The  hydraulic  diameter  is  150 
mm.  This  box-section  combustor  with  corner  fillets  allows 
reasonable  optical  access  while  providing  a  cross  section  that 
approximates  a  two-dimensional  axisymmetric  cross  section. 
The  bluff  body  provides  a  recirculation  region  which  can 
stabilize  the  flame.  Optical  windows  of  fused  quartz  are 
provided  on  the  four  flat  sides  for  a  downstream  length  of 
490  mm.  The  combustor  overall  length  to  hydraulic  diameter 
ratio  is  4.9,  and  the  exit  blockage  is  45  percent  by  means  of  an 
orifice  plate.  The  only  air  addition  in  this  configuration  is 
through  the  dome. 


2 


279 


The  combustor  is  mounted  on  a  240  mm  length  spool  piece 
containing  a  mounting  pad  for  the  fuel  injector  flange.  The 
combustor  and  spool  piece  are  situated  on  an  inlet  air 
conditioning  section,  also  shown  in  Figure  2.  Reactants  are 
supplied  at  ambient  temperature  and  pressure.  Ignition  is  by 
means  of  a  removable  torch -ignitor.  This  combustion  chamber 
allows  the  combustion  characteristics  of  a  practical  injector  to 
be  investigated  in  a  simple  geometry  where  various  diagnostic 
measurements  can  be  made. 

In  order  to  separate  the  effects  of  liquid  fuel  atomization  and 
spray  droplet  evaporation  from  the  effects  associated  with 
fuel/air  mixing  and  aerodynamic  flow  pattern,  these  first 
evaluations  involved  the  use  of  a  gaseous  propane  fuel. 
Planned  subsequent  evaluations  will  use  liquid  ethanol.  Liquid 
ethanol  is  expected  to  closely  simulate  the  combustion 
characteristics  of  the  liquid  jet  fuels,  but  without  significant 
soot  formation.  Extensive  sooting  could  cloud  the  quartz 
windows  precluding  easy  optical  access.  The  present  paper 
deals  exclusively  with  propane  results  with  the  HS  injector. 


The  results  presented  concern  work  with  the  Task  150 
technology  combustor  using  the  high-swirl  injector  and 
gaseous  propane  fuel.  While  many  detailed  studies  exist  in  the 
literature  concerning  jet  flames,  both  free  and  enclosed,  almost 
nothing  is  available  on  the  flame  characteristics  produced  by 
practical  ways  of  introducing  the  reactants  into  an  engine 
combustor.  This  work  goes  some  way  towards  remedying  this 
situation. 


PHOTOGRAPHIC  FLAME  CHARACTERIZATION 

A  complex  series  of  intricate  flame  structures  have  been 
observed  in  the  Task  150  technology  combustor  according  to 
the  operating  conditions  and  fuel  injector  used.  Some  of  the 
flame  behavior  could  be  related  to  that  seen  in  the  Task  100 
research  combustor  (Sturgess  et  al.,  1991a;  Sturgess  et  al., 
1992b),  and  some  of  the  structures  to  those  seen  in  the  Task 
200  generic  combustor  (Sturgess  and  Shouse,  1993).  These 
flame  structures  were  studied  directly  with  use  of  visual 
observations,  video  recordings,  and  still  photography.  The 
still  film  photographs  have  been  digitized  and  filtered  using 
computer  techniques  to  produce  isochromatic  contour  plots. 
Figure  3,  for  quantitative  purposes. 

One  of  the  traits  of  the  Task  150  technology  combustor  is 
the  wide  variety  of  flame  structures  that  are  observed.  Each 
flame  shape  indicates  a  different  mode  of  operation,  which 
differ  from  one  another  in  the  location  of  the  flame  fronts,  or 
by  some  structure  such  as  thickness  or  intensity.  The  different 
structures  observed  arise  from  changes  in  the  flow  fields, 
mixing  patterns,  or  fuel  equivalence  ratio  as  operating 
conditions  are  varied.  The  differences  and  similarities  of  the 
flame  structures  for  the  swirling  injectors  together  with  the 
results  from  the  co-axial  jet  diffusion  flame  (Task  100 
combustor)  provide  significant  insights  to  the  combustion 
processes.  The  shape  of  the  flame,  at  the  minimum,  provides 
qualitative  information  on  the  mixing  process  and  location  of 
flame  fronts.  Such  information  can  yield  insights  into  the 
processes  present.  Flames  fronts  exist  because  fuel  and 
oxidizer  have  been  transported  to  a  point  where  combustion 
can  be  supported.  The  location  of  these  fronts  relative  to  the 
outlet  orifices  of  fuel  and  air  are  of  obvious  interest. 

The  fuel  equivalence  ratios  where  the  transitions  from  one 
flame  structure  to  another  were  determined  as  a  function  of  fuel 
flow  rate.  The  flames  for  both  Task  150  injectors  were  attached 
to  the  outside  of  the  insert  air  jets  when  the  burner  was 
operated  very  fuel  rich.  The  flame  would  then  lift,  reattach,  and 
lift  again  as  the  fuel  equivalence  ratio  was  progressively 
reduced  depending  on  the  injector  (high  swirl  versus  low  swirl) 
and  the  air  flow  rate.  During  the  reattachment  phase,  the  flame 
would  take  on  many  of  the  characteristics  of  a  strong  vortex, 
and  shared  many  features  associated  with  a  tornado. 
Consequently,  the  terminology  of  funnel  cloud,  tornado,  and 
debris  cloud  were  adopted  to  differentiate  some  of  the  observed 
flame  structure  from  the  general  description  of  a  vortex  flow. 
The  characterization  of  the  flame  structure  was  carried  out  by 
visual  observations.  Still  film  photographs  were  taken  of  the 
different  structures.  These  images  were  digitized  and 
manipulated  using  various  computer  programs  into  the 
isochromatic  contour  plots  found  in  Figure  3  for  the  high  swirl 
injector.  The  major  factor  affecting  in  flame  structure  was  the 
overall  fuel  equivalence  ratio  in  the  burner  determined  from 
total  air  and  fuel  flow  rates,  and  to  a  much  lesser  extent  the  air 
flow  rate.  At  a  given  air  flow  rate,  the  fuel  would  be  reduced 
until  a  transition  in  flame  structure  was  judged  to  have  been 
reached.  These  observations  were  not  easily  made.  With  the 
high  swirl  nozzle,  the  flame  structures  flowed  smoothly  from 
one  mode  to  another.  These  smooth  transitions  left  no  sharp 
break  point  in  flame  behavior.  Consequently,  the  images 
presented  in  Figure  3  are  only  representative  of  the  types  of 
flame  structures  observed. 

At  very  fuel  rich  conditions  (<J>  =  2.38  and  $  -  1.72),  the 
flame  was  attached  to  the  insert  jets,  in  a  manner  similar  to 
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FIGURE  3.  CHARACTERISTIC  FLAME  SHAPES  FROM  DIGITIZED  STILL  PHOTOGRAPHS 
(T150-HS  NOZZLE,  310  SLPM  AIR) 


that  observed  with  the  Task  100  technology  combustor  at  rich 
conditions.  Unlike  the  Task  100,  however,  these  flames  were 
very  short,  presumably  because  of  the  much  faster  mixing  due 
to  the  swirling  motion  of  the  gases.  As  the  amount  of  fuel  was 
further  reduced  (decreasing  fuel  equivalence  ratio  at  a  constant 
air  flow  rate),  the  still  rich  flame  lifted  and  stabilized  on  a 
downstream  recirculation  zone  that  appeared  to  be  associated 
with  the  injector  (4>  =  1.42).  The  primary  combustion  zone 
continued  to  lengthen  as  relatively  less  fuel  entered  the 
combustion  chamber  (4>  =  1.42  to  4>  =  109). 

After  the  rich  lifted  condition,  further  reductions  in  fuel 
equivalence  ratio  caused  the  flame  to  stabilize  in  the  rapidly 
swirling  vortex  at  the  center  of  the  combustor,  with  flame 
structures  that  resembled  the  development  of  a  tornado.  As 
seen  in  Figure  3,  a  structure  that  resembled  a  funnel  cloud 
formed  within  the  rich  lifted  flame  (4>  =  1.09)  and  gradually 
descended  as  the  fuel  flow  was  continually  decreased  (4>  =  1.09 
to  4>  =  0.93)  forming  a  tornado  like  flame  structure.  Further 


reductions  in  4>  caused  the  tornado  like  flame  to  enter  the 
primary  swirler  passage  in  the  injector  (4)  =  0.93).  Continued 
reduction  in  fuel  equivalence  ratio  caused  a  flame  in  the  shape 
of  a  bowl,  which  looked  much  like  the  debris  cloud  of  a 
tornado,  to  attach  to  the  nozzle  on  the  outside  of  the  tornado 
like  structure  (4>  =  0.85).  The  minute  detail  of  the  debris  cloud 
was  lost  in  the  process  of  converting  from  the  still 
photograph  to  the  image  presented  in  Figure  3.  Continued 
reduction  of  the  fuel  flow  resulted  in  the  growth  in  size  and 
intensity  of  the  debris  cloud  like  flame  structure  while  the 
funnel  cloud  like  structure  was  simultaneously  decreasing.  The 
total  disappearance  of  the  funnel  cloud  structure  marked  a 
transition  to  a  fully  developed  flame  that  was  strongly  attached 
to  the  center  of  the  injector  ($  =  0.78).  At  lower  air  flow  rates 
(less  than  ca  500  slpm),  this  strongly  attached  flame  would 
weaken  until  the  lean  blowout  limit  (4>  =  0.46)  was  reached 
(blowout  occurred  from  an  attached  flame).  At  high  air  flow 
rates  (greater  that  ca  500  slpm),  the  flame  would  once  again 
lift,  attach  to  a  down  stream  recirculation  zone,  and  eventually 
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blowout  from  the  separated  flame  structure  (<J>  =  0.42),  much 
like  that  observed  in  the  Task  100  research  combustor. 

GAS  VELOCITY  MEASUREMENTS 

A  laser  Doppler  anemometer  (LDA)  was  used  to  make 
extensive  measurements  of  gas  velocity  in  the  burner  at  five 
separate  experimental  conditions.  The  experimental 
conditions  used  are  summarized  in  Table  1. 


TABLE  1 

SUMMARY  OF  EXPERIMENTAL  CONDITIONS 
FOR  LDA  MEASUREMENTS 


Injector 

Flow 

Air 
slpm 
(70  F) 

C3H8 

slpm 

(0C) 

n2 

slpm 

(0C) 

♦ 

T150HS 

Cold 

500 

14 

0.72 

T150HS 

Hot 

500 

14 

0.72 

T150HS 

Cold 

500 

29 

1.49 

T150HS 

Hot 

500 

29 

1.49 

T100 

Cold 

1000 

23 

0.59 

The  LDA  measurements  reported  in  this  paper  are  for  the 
Task  150  burner  with  the  high  swirl  injector  installed. 
Measurements  were  made  for  lean  conditions  (<$»  =  0.72)  where 
the  flame  was  well  attached  to  the  central  part  of  the  injector, 
and  also  at  fuel  rich  conditions  ($  =  1.49)  where  the  flame 
was  attached  to  the  dome  and  insert  jets.  LDA  measurements 
were  also  obtained  in  isothermal,  non -reactive  flows  where 
nitrogen  was  substituted  for  the  propane  fuel.  This  has  allowed 
the  effect  of  the  flame  temperature  on  the  flow  field  and  gas 
velocities  to  be  determined  for  at  least  two  of  the  test 
conditions  used.  However,  only  the  data  from  the  combusting 
flow  experiments  are  reported  in  this  paper. 

A  schematic  of  the  LDA  experimental  set-up  is  presented  in 
Figure  4.  The  beam  from  the  argon-ion  laser  was  split  into 
two  beams,  frequency  shifted  (40  and  34  MHz),  polarized, 
and  focused  into  a  diagnostic  volume  in  the  test  section.  The 
forward-scattered  LDA  signals  for  the  radial  (or  tangential)  and 
axial  velocity  components  were  focused  into  fiber  optic  cables 
and  passed  to  a  photo  multiplier  tube  to  be  amplified  and 
converted  to  electrical  signals.  These  electrical  signals  were 
collected  with  TSI,  Inc.  counters  and  analyzed  with  a 
Macintosh  Ilfx  computer.  A  LeCroy9314L  Quad  300  MHz 
oscilloscope  was  used  to  monitor  the  Doppler  bursts  to  help  in 
the  alignment  of  the  LDA  system  and  to  insure  quality  data  was 
being  collected.  Even  with  careful  alignment,  there  was  still 
some  nojse  which  was  filtered  using  a  data  analysis  program. 

A  brief  investigation  was  made  to  evaluate  the  effect  of  the 
number  of  points  taken  at  a  given  test  location  on  the  accuracy 
of  the  gas  velocity  measurement.  Three  different  sets  of  data 
were  collected,  a  set  with  5000  points,  a  set  with  2000 
points,and  a  set  with  1000  points.  In  general,  there  was  little 
difference  observed  in  the  mean  axial  and  tangential  velocities 
determined  from  the  different  number  of  points  in  the  data  sets. 
However,  the  fluctuating  velocity  components  (i.e.  rms 
velocities)  were  better  described  by  the  data  sets  containing 
the  largest  number  of  points.  Nevertheless,  for  this  study, 
1000  data  points  were  collected  at  each  test  location.  This 


allowed  a  greater  number  of  experimental  conditions  and 
geometries  to  be  evaluated,  albeit  at  slightly  reduced  data 
accuracy. 


FIGURE  4.  SETUP  FOR  LDA  VELOCITY  MEASUREMENTS 


The  two  component  velocity  data  (either  axial  and  radial,  or 
axial  and  tangential)  were  obtained  for  each  of  the  test 
conditions  described  above  (Table  1).  The  burner  was 
translated  with  respect  to  the  laser  diagnostic  volume  in  an  X, 
Y,  and  Z  coordinate  system.  Translation  in  the  Z  coordinate 
direction  allowed  different  axial  locations  to  be  sampled. 
Translation  in  the  X  or  Y  axis  allowed  different  radial  locations 
to  be  sampled.  For  these  tests,  the  X  or  Y  translations  were 
done  along  a  coordinate  centerline.  Translation  in  the  X 
coordinate  direction  along  the  Y  coordinate  centerline  allowed 
axial  and  radial  velocity  data  to  be  obtained.  The  edge  of  the 
windows  limited  translation  in  this  coordinate  direction  to 
about  ±  30  mm.  Translation  in  the  Y  coordinate  direction 
along  the  X  coordinate  centerline  allowed  axial  and  tangential 
velocity  data  to  be  obtained.  As  the  diagnostic  volume  was 
brought  near  the  quartz  windows,  significant  optical  noise  was 
added  to  the  Doppler  signals.  The  quartz  windows  were 
approximately  ±  75  mm  from  the  center  of  the  reactor.  The 
optical  noise  from  the  windows  generally  limited  data 
collection  to  ±  65  mm,  although  with  especially  clean 
windows,  it  was  sometimes  possible  to  get  good  data  at 
±  70  mm. 

Typically,  data  was  collected  at  0.5  or  1.0  mm  radial 
increments  where  the  velocity  gradients  were  large.  Data  was 
collected  at  up  to  10  mm  increments  where  velocity  profiles 
were  relatively  flat.  A  typical  set  of  data  was  taken  at  axial 
locations  of  10,  15,  20,  25,  50,  75,  100,  125,  150,  200,  and 
240  mm  above  the  dome  of  the  reactor.  Occasionally,  other 
intermediate  locations  were  examined  where  large  velocity 
gradients  or  other  interesting  behavior  were  found. 

The  basic  flow  field  in  the  combustor  was  derived  by 
interpolation  of  the  velocity  data  obtained.  The  field  is 
dominated  by  multiple  regions  of  flow  recirculation.  The  axial 
velocity  from  both  the  X  and  Y  coordinate  traverses  has  been 
combined  for  one  of  the  Task  150-HS  cold  flow  cases  (14  slpm 
N2,  500  slpm  air),  interpolated,  and  the  zero  axial  velocity 
contours  plotted  in  Figure  5.  Each  zero  axial  velocity  contour 
bisects  a  recirculation  zone.  While  the  data  have  not  been 
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analyzed  in  the  detail  needed  to  totally  quantify  the 
recirculation  patterns,  estimates  of  the  recirculation  zones  are 
indicated.  Eventually,  flow  streamlines  will  be  plotted  to 
better  identify  the  various  flow  fields.  However,  for  this  paper, 
only  axial,  tangential,  or  radial  data  have  been  used. 


- Z*ro  V*k>ctty  Contour 

-  Roetrcuictton  Flow  Pattern 


FIGURE  5.  RECIRCULATION  PATTERNS 
WITH  THE  HIGH-SWIRL  FUEL  INJECTOR 


Figure  5  identifies  several  important  recirculation  zones. 
Although  the  near-field  is  similar  to  that  in  a  real  gas  turbine 
combustor,  the  downstream  region  in  not  due  to  the  absence  of 
air  addition  by  means  of  transverse  jets,  as  is  usual  practice. 
Since  current  interest  is  concentrated  on  the  near-field,  this 
deviation  is  not  of  great  significance.  It  is  interesting  to  note 
that  there  is  a  zone  of  flow  reversal  on  the  centerline  of  the 
burner  very  near  the  discharge  of  the  injector.  This  flow 
reversal  is  undoubtedly  caused  by  the  highly  swirling  flow,  and 
is  consistent  with  the  strong  vortex  structures  observed  earlier 
(Figure  3).  A  recirculation  zone  is  also  apparent  in  the  lower 
comers  of  the  combustion  chamber.  This  zone  appears  to  be 
driven  by  the  dome  cooling  jets,  and  is  consistent  with  the 
observed  horizontal  flow  in  the  radial  direction  that  emanates 
from  these  cooling  jets. 


Another  major  recirculation  zone  is  centered  on  the  zero 
axial  contour  that  angles  from  the  face  of  the  injector  outward 
till  it  reaches  the  wall  of  the  combustor  at  a  down  stream 
location  at  about  140  mm.  This  large  recirculation  zone  seems 
to  have  a  major  impact  in  stabilizing  the  flame  under  certain 
operating  conditions.  The  last  observed  recirculation  zone 
surrounds  the  zero  iso-velocity  contours  that  exist  between  the 
100  mm  and  240  mm  axial  locations.  This  recirculation 
pattern  was  very  weak  as  judged  by  the  magnitude  of  the 
velocities  measured,  and  was  only  observed  in  the  isothermal 
case.  It  was  not  seen  in  the  combusting  cases.  The  influence  of 
the  combustion  was  sufficient  to  eliminate  this  pattern  from 
the  flow  field.  Combustion  also  altered  the  shape  and  location 
of  the  other  recirculation  zones,  but  each  of  the  other  zones 
remained  in  the  combustion  cases. 

Figure  6 A,  6B,  and  6C  present  the  iso-contour  plots  for  the 
mean  axial,  mean  tangential,  and  mean  radial  velocity 
measurements  respectively  for  the  fuel  lean  case  (<)>  =  0.72).  In 
each  figure,  the  velocity  contour  plot  from  the  centerline  to 
the  maximum  measurement  radius  was  created  using 
commercial  computer  software,  duplicated,  and  reversed.  The 
reversed  image  was  combined  with  the  original  image  and 
superimposed  on  a  schematic  of  the  burner  to  provide  an 
indication  of  the  flow  characteristics  with  respect  to  the 
burner.  The  data  presented  in  Figure  6A  and  6B  were  collected 
along  the  Y  coordinate  direction  out  to  about  60  mm.  The  data 
in  Figure  6C  are  limited  to  a  radial  location  of  about  30  mm 
because  of  the  width  constraints  of  the  windows.  The  flow 
fields  and  recirculation  patterns  presented  here  are  generally 
consistent  with  those  observed  in  Figure  5. 

The  flame  at  this  operating  condition  was  well  attached  to 
the  center  of  the  injector,  and  was  considered  to  be  fully 
developed  as  was  shown  earlier  in  the  discussion  of  Figure  3. 
Mass  balance  calculations  based  on  isothermal  axial  velocity 
measurements  have  been  used  to  determine  the  overall  accuracy 
of  the  LDA  measurements.  It  was  found  that  the  mass  flow  rate 
was  strongly  influenced  by  the  gradient  assumed  near  the  wall, 
but  reasonable  velocity  interpolations  gave  reasonable  mass 
balance  closure. 

The  sharp  peak  in  axial  velocity  component  shown  in 
Figure  6A  near  the  injector  is  clearly  evident.  The  rapid  decay 
of  the  high  velocity  region  near  the  injector  as  one  moves 
down  stream  is  also  apparent.  The  recirculation  zone  directly 
over  the  injector  is  dramatic,  and  clearly  shows  a  significant 
region  of  flow  reversal.  The  tangential  velocity  in  this  zone  is 
very  high  as  seen  in  Figure  6B.  The  other  major  recirculation 
pattern  in  the  combustor  is  of  a  somewhat  different  shape  and 
in  a  somewhat  different  location  than  observed  in  the  iso¬ 
thermal  case  (Figure  5).  The  recirculation  patterns  caused  by 
the  dome  jets  are  notably  absent.  Visual  observations 
confirmed  that  the  corner  recirculation  still  existed  in  the 
combustion  flow  cases,  but  it  was  not  possible  to  collect  LDA 
data  close  to  the  window  near  the  bottom  of  the  reactor  because 
of  excess  optical  noise. 

The  radial  velocity  data  are  presented  in  Figure  6C.  These  data 
are  limited  to  a  radial  location  of  about  30  mm.  The  radial  flow 
velocities  are  all  very  low  in  magnitude,  but  do 
showsomeinteresting  structures.  The  low  magnitudes  of  these 
velocities  are  close  to  the  resolution  of  the  LDA  instrument  A 
similar  set  of  gas  velocity  data  for  the  Task  150-HS  combustor 
operating  at  a  fuel  equivalence  ratio  of  1.49  is  presented  in 
Figures  7A,  7B,  and  7C  for  the  mean  axial,  mean 
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to  collect  LDA  close  to  the  window  near  the  bottom  of  the 
reactor  because  of  optical  noise  near  the  quartz  windows. 

The  radial  velocity  data  are  presented  in  Figure  7C.  Again, 
the  radial  flow  velocities  are  all  very  low  in  magnitude,  but  do 
show  some  interesting  structures,  that  are  quite  different  than 
seen  with  the  lean  flame.  The  low  magnitudes  of  these 
velocities  are  also  close  to  the  resolution  of  the  LDA 
instrument. 

The  differences  in  velocities  between  the  lean  flame  and  the 
rich  flame  show  that  there  is  a  strong  influence  of  the  location 
of  the  flame  zone  on  the  flow  fields  as  characterized  by  the 
measured  velocity  fields. 

GAS  TEMPERATURE  MEASUREMENTS 

Coherent  anti -Stokes  Raman  spectroscopy  (CARS)  was  used 
to  obtain  a  set  of  gas  temperature  measurements  in  the  Task 
150-HS  combustor  at  fuel  equivalence  ratios  of  0.75,  1.00, 
1.25,  and  1.50;  and  at  an  air  flow  rate  of  500  slpm.  The  details 
of  the  CARS  facility  has  been  well  documented  in  previous 
publications  (Boyack  and  Hedman,  1990;  Hancock  et  al., 
1991,  1992).  The  CARS  setup  used  for  this  study,  as  shown 
inFigure  8,  is  very  similar  to  the  folded  box-CARS  phase 
matching  scheme  employed  by  Boyack  (Boyack  and  Hedman, 
1990).  Boyack  located  his  combustor  directly  on  the  CARS 
optical  table,  and  was  able  to  easily  focus  the  laser  beams 
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tangential,  and  mean  radial  velocity  measurements, 
respectively.  The  flame  at  this  operating  condition  was 
attached  to  the  insert  and  dome  jets  as  was  shown  earlier  in  the 
discussion  of  Figure  3.  As  above,  the  radial  data  in  Figure  7C 
are  limited  to  a  radial  location  of  about  30  mm,  but  the  axial 
and  tangential  data  in  Figures  7A  and  7B  were  collected  out  to 
about  60  mm.  The  flow  fields  and  recirculation  patterns 
presented  here  are  also  generally  consistent  with  those 
observed  in  Figures  5  and  6. 

As  for  the  $  =  0.72  case,  the  sharp  peaks  in  mean  axial 
velocity  component  associated  with  the  injector  are  still 
clearly  evident,  but  seem  to  decay  more  rapidly  than  in  the 
<{>  =  0.72  case.  The  recirculation  zone  directly  over  the 
injector  is  still  dramatic,  and  shows  little  difference  in  the 
magnitude  of  the  reversed  velocity  or  in  the  size  and  shape  of 
the  recirculation  pattern  when  compared  to  the  <J>  =  0.72  case. 
The  other  major  recirculation  pattern  in  the  combustor  is  of  a 
similar  shape  to  that  observed  with  the  0  =  0.72  case,  but 
seems  to  be  much  stronger  (i.e.  has  much  larger  reversed  flow 
velocity  components).  The  recirculation  patterns  caused  by  the 
dome  jets  are  still  absent.  As  in  the  <j>  =  0.72  case,  visual 
observations  confirmed  that  the  comer  recirculation  still 
existed  in  this  combustion  flow  case,  but  it  was  not  possible 
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Note:  (N)  denotes  negative  number 

A)  Mean  Axial  Velocity,  m/s  B)  Mean  Tangential  Velocity,  m/s  C)  Mean  Radial  Velocity,  m/s 


FIGURE  7.  ISO-VELOCITY  CONTOURS  FOR  THE  T150-HS  BURNER 
AT  4>  =  1.49  AND  500  SLPM  AIR  FLOW  RATE 


directly  into  his  combustor.  In  this  experimental  setup,  the 
combustor  was  remotely  located.  Consequently,  the  laser 
beams  were  directed  off  the  optics  table  over  a  distance  of 
about  10  m  onto  a  set  of  optical  bread  boards  located  on  either 
side  of  the  Task  150-HS  combustor.  The  optical  components 
needed  to  create  the  box-CARS  phase  matching  were  located  on 
these  remote  optical  breadboards.  As  with  Boyack’s  Work,  the 
CARS  signal  was  focused  into  the  end  of  the  fiber  optic  used  to 
transfer  the  signal  back  to  the  spectrometer.  The  CARS  lasers 
and  spectrometer  were  keep  in  an  optics  room  distant  from  the 
combustion  facilities  in  an  effort  to  keep  the  optical 
components  relatively  clean. 

Like  the  gas  velocity  measurements,  the  CARS  temperature 
measurements  were  taken  at  closely  spaced  radial  increments 
where  large  gradients  in  temperature  were  found  and  in  a  courser 
grid  where  the  temperature  gradients  were  found  to  be  relatively 
shallow.  Temperature  data  was  take  at  similar  axial  locations 
as  well.  The  temperature  data  were  taken  along  the  X 
coordinate,  and  consequently  are  available  only  out  to  a  radius 
of  about  30  mm,  but  were  taken  to  an  axial  location  of  about 
300  mm.  Attempts  at  obtaining  data  along  the  Y  axis  to  radial 
locations  near  the  quartz  window  resulted  in  laser  damage  to  the 
quartz  window.  Nevertheless,  the  CARS  temperature  data 
obtained  have  provided  adequate  temperature  measurements  to 
well  quantify  the  temperatures  in  the  region  of  most  interest 
near  the  injector. 


Figure  9  presents  an  iso-contour  plots  of  temperature  data 
for  the  Task  150-HS  combustor  operating  with  an  air  flow  rate 
of  500  slpm  and  at  fuel  equivalence  ratios  of  0.75,  1.00,  and 
1.50.  The  data  at  4>  =1-25  have  been  excluded  from  the  paper 
because  of  space  considerations.  Two  hundred  discrete 
temperature  data  points  were  taken  at  each  of  92  separate 
diagnostic  locations  from  the  centerline  to  a  30  mm  radial 
location,  and  from  10  mm  to  300  mm  axial  location.  These 
sets  of  data  were  used  to  determine  the  mean  temperatures  used 
to  create  the  iso-thermal  contour  plots  shown.  In  order  to  show 
the  symmetry  of  the  flame,  the  contour  plot  was  duplicated, 
and  computer  software  was  used  to  flip  the  image  and  add  it  to 
the  opposite  side  of  the  combustor.  The  flow  fields  are  very 
symmetric  about  the  centerline  in  this  highly  swirled  flame. 
The  doubled  image  gives  a  better  representation  of  the 
temperature  field  in  the  vicinity  of  the  injector. 

The  relatively  cold  region  (600  K  to  1000  K)  directly  above 
the  injector  in  all  three  cases  generally  corresponds  the  central 
recirculation  zone  seen  in  the  gas  velocity  plots  (Figures  6  and 
7).  Surrounding  the  cold  central  zone  is  an  intermediate 
temperature  region  that  seems  to  be  associated  with 
thepenetration  of  the  very  high  axial  velocity  into 
thecombustor.  Higher  temperatures  exist  on  either  side  of  this 
penetration  zone.  It  is  unfortunate  that  temperature  data  could 
not  be  obtained  in  the  lower  comers  of  the  combustor  where 
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the  recirculation  zones  near  the  dome  are  located.  The  data  do 
suggest  that  this  region  is  relatively  cool  for  the  <J>  =  0.75 
case,  but  seem  to  indicate  a  relatively  hot  region  in  this  comer 
recirculation  zone  for  the  =  case.  This  observation 
seems  to  be  consistent  with  the  observed  relocation  of  the 
flame  zone  from  the  central  core  of  the  vortex  when  operating 
fuel  lean  to  the  outer  recirculation  zone  when  operating  fuel 
rich,  as  noted  in  the  digitized  film  images  and  in  the  PLIF 
images  of  OH  radical  discussed  in  the  last  section  of  this  paper. 

Temperatures  in  excess  of  the  0  =  0.75  adiabatic  flame 
temperature  (1963  K)  are  seen  in  a  zone  near  the  centerline  at 
an  axial  location  of  about  100  mm  for  the  fuel  lean  case.  Since 
this  is  a  non-premixed  flame,  this  suggests  that  this  diffusion 
zone  may  be  operating  with  near  stoichiometric  (0=1 .00) 
mixtures  of  fuel  and  air.  The  peak  temperature  that  was 
measured  was  2085  K  which  is  about  178  K  below  the 
theoretical  stoichiometric  adiabatic  flame  temperature  of 
2263  K. 

In  the  stoichiometric  case  (0  =  1 .00),  the  peak  measured 
temperature  is  67  K  below  the  theoretical  stoichiometric 
adiabatic  flame  temperature  of  2263  K.  The  zone  of  near  peak 
temperature  extends  from  an  axial  location  of  about  100  mm  to 
about  170  mm  and  forms  a  toroidal  shaped  ring  around  the 
centerline.  Beyond  the  high  temperature  region,  the 
temperatures  decrease,  dropping  to  about  1800  K  at  the 
combustor  exit  (not  shown). 


Iso-contour  plots  of  gas  temperature  measurements  for  the 
0  =  1.50  case  are  shown  in  Figure  9C.  It  is  interesting  to  note 
that  the  peak  temperature  (1875  K)  in  the  fuel  rich  case,  like 
the  stoichiometric  case,  is  just  below  the  predicted  (0  =  1.50) 
adiabatic  flame  temperature  of  1974  K  It  seems  reasonable  that 
the  peak  measured  temperature  in  this  case  would  be  close  to 
the  adiabatic  flame  temperature,  since  all  of  the  oxygen  would 
be  consumed  early  in  the  flame  preventing  a  zone  near 
stoichiometric  to  ever  exist. 

The  variation  in  temperature  field  as  the  fuel  equivalence 
ratio  changes  from  fuel  lean  to  fuel  rich  seems  to  be  consistent 
with  the  observations  made  from  the  still  photographs.  At 
0  =  0.75,  the  flame  is  well  attached  to  the  burner,  with  a 
narrow  vortex  penetrating  into  the  injector  and  a  fully 
developed  flame  structure  attached  to  the  injector.  The 
temperature  distributions  at  0  =  1.0  and  0  =  1.25  (not 
shown)  were  very  similar,  and  seemed  to  agree  with  the  flame 
structures  described  in  Figure  3  as  a  rich  lifted  flame  and  a 
funnel  shaped  flame.  At  0  =  1.50  (Figure  9C),  the  center  cold 
zone  has  been  reduced  in  size,  and  there  are  higher  temperatures 
at  the  outer  edge  of  the  measurement  region  that  support  the 
visual  observation  that  the  flame  is  attached  to  the  insert 
jets.These  results  also  suggest  that  a  fairly  high  temperature 
exists  in  the  comer  recirculation  zone  when  the  combustor  is 
operating  in  a  fuel  rich  mode.  In  general,  the  temperature 
measurements  are  consistent  with  the  visual  flame  conditions. 
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FIGURE  9.  MEAN  GAS  TEMPERATURE  ISO-CONTOURS 
FOR  THE  T150-HS  BURNER  AT  500  SLPM  AIR  FLOW  RATE 


the  PLIF  images  of  the  OH  radical,  and  the  velocity 
measurements  for  this  particular  test  condition. 

PLIF  IMAGING  OF  OH  RADICAL 

In  PLIF  (planner  laser  induced  fluorescence)  imaging,  a  dye 
laser  is  tuned  to  a  resonant  frequency  which  causes  the 
particular  combustion  radical  or  molecule  to  fluoresce  at  a 
different  resonant  frequency.  This  fluorescence  is  then  recorded 
and  the  two-dimensional  image  preserved  with  an  electronic 
camera.  In  these  experiments,  OH  radicals  were  excited  with  an 
ultra-violet  (ca  283  nm)  light  sheet  produced  by  a  tunable  dye 
laser  pumped  with  a  10  ns  pulse  from  a  Nd:Yag  laser.  This 
sheet  of  laser  light  was  passed  through  centerline  of  the 
reactor.  An  intensified  CCD  camera,  located  normal  to  the  laser 
sheet,  captured  the  75  mm  high  two-dimensional  uv  (ca 
308  nm)  image  (Figure  10).  This  nearly  instantaneous  map  of 
OH  radical  concentration  in  the  flame  zone  was  then  stored  by 
a  Macintosh  computer.  The  images  have  been  analyzed  and 
enhanced  using  conventional  computer  software. 

OH  radicals  are  commonly  chosen  for  PLIF  because  they  are 
important  markers  in  hydrocarbon  flames.  These  radicals  are 
produced  in  large  quantities  during  the  combustion  process, 
and  are  a  good  indicator  of  flame  fronts.  However,  in  some 
circumstances,  these  radicals  may  persist  for  long  distances 
downstream  of  the  actual  flame  front,  limiting  their  usefulness. 
Also,  as  in  any  laser  diagnostic  technique,  there  is  a 


concentration  level  below  which  the  OH  radical  will  not  be 
detected.  With  these  limitations  in  mind,  conclusions  based 
solely  on  PLIF  images  of  the  OH  radical  must  be  carefully 
drawn. 

Many  PLIF  images  of  the  OH  radicals  were  obtained  in  the 
Task  150-HS  combustor  at  500  slpm  air  flow  and  at  fuel 
equivalence  ratios  that  ranged  from  0.62  to  1.75.  Images  were 
taken  at  values  of  fuel  equivalence  ratio  that  roughly 
correspond  to  the  changes  in  flame  structure  that  had  been 
observed  visually  and  documented  with  still  photographs 
(Figure  3).  Comparison  of  the  two  types  of  flame  image,  and 
the  relation  of  these  images  to  the  time-mean  flow  field  and 
bulk  equivalence  ratios,  explains  much  about  the  flame 
structures.  However,  comparison  of  a  sequence  of 
instantaneous  OH  images  at  fixed  operating  conditions, 
e.g.  Figure  11,  also  reveals  the  highly  non-stationary 
character  of  the  flame  zone.  This  behavior  is  similar  to  that 
observed  previously  in  the  Task  100  research  combustor 
(Roquemore,  et  al,  1991). 

The  experimental  behavior  of  the  Task  100  research 
combustor  is  quite  different  than  the  predictions  by 
computational  fluid  dynamics  (CFD)  programs.  These 
computer  codes  predict  the  flame  to  be  anchored  in  the  jet  shear 
layer  for  all  fuel  equivalence  ratios.  However,  the  flame  has 
been  experimentally  observed  (Roquemore,  et  al.  1991)  to 
attach  to  the  backward  facing  step  just  outside  the  air  tube  at 
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fuel  equivalence  ratios  (0)  in  excess  of  1.08.  In  these  operating 
conditions,  a  small  "coke  bottle”  shaped  flame  pilots  a  thicker 
flame  sheet  which  is  much  lower  in  the  combustor  than  the 
CFD  programs  predict.  A  waisting  in  the  flow  field  is  predicted 
by  the  CFD  code,  but  the  mixture  is  predicted  to  be  too  lean  to 
bum.  Roquemore  postulates  that  a  discrete  and  intermittent 
process  is  responsible  for  the  entrainment  of  the  fuel  into  the 
step  recirculation  zone.  This  type  of  transport  would  require 
passageways  in  the  flame  in  order  to  deliver  the  unbumed  fuel 
from  the  fuel  tube  to  the  step  recirculation  zone.  These 
passageways  would  appear  as  a  region  with  little  to  no  OH 
radical  present. 


Burner  Orientation 
0  Degree  25  Degrees 


FIGURE  10.  INSTRUMENTATION  FOR  PLIF 
IMAGING  OF  OH  RADICAL 


Much  of  what  Roquemore  postulated  has  been  found  in  PLIF 
images  of  the  OH  radical  collected  in  the  Task  100  research 
combustor.  In  the  well-attached  flame  (({>=1.56),  the  OH 
radicals  appear  in  vortex  structures  being  shed  off  the 
backwards  step.  These  structures  were  very  clear  in  the  images 
collected.  In  the  lean  condition,  OH  radicals  were  not  observed 
below  150  mm  in  the  reactor,  with  relatively  small  amounts 
between  150-200  mm  and  very  large  amounts  beyond.  Similar 
observations  have  been  made  in  the  PLIF  images  of  the  OH 
radical  for  the  Task  150  technology  combustor  (e.g. 
Figure  11  and  Figures  12A,  12B,  and  12C).  Figure  11  shows 
four  separate  instantaneous  images  at  two  different  axial 
locations  at  0  =  1.29.  Figure  12  shows  composites  of 
several  Single  PLIF  images  of  OH  radical  grouped  as  a  collage 
in  the  appropriate  locations  within  the  combustor  at  a  fuel  lean 
condition  (0  =  0.62),  near  stoichiometric  (0  =  1.08),  and  at 
a  fuel  rich  condition  (0  =  1.49).  These  images  dramatically 
illustrate  the  characteristics  of  swirling  flames  and  the  highly 
variable  nature  of  the  instantaneous  flame  shape.  Therefore,  it 
seems  likely  that  the  conclusion  reached  for  the  co-axial  jet 
system  of  the  Task  100  research  combustor  (Roquemore  et  al., 
1991;  Sturgess  et  al.,  1992;  Sturgess  et  al.,  1991b),  that  mass 
transport  in  axisymmetric,  turbulent,  recirculating  flames  is 
dominated  by  non-stationary  flow  phenomena,  and  not  by 
gradient  transport  is  confirmed,  even  in  a  practical  injection 


system.  The  implication  of  this  finding  for  accurate 
mathematical  modeling  of  practical  turbulent  combustion 
systems  is  very  important. 

It  is  informative  to  correlate  these  OH  images  with  the 
information  known  about  the  partitioning  of  the  air  flow  rates 
through  the  various  air  passageways  through  the  nozzle.  The 
local  fuel  equivalence  ratios  shown  in  Table  2  were  calculated 
from  the  air  flow  through  each  of  the  different  passageways  and 
the  total  fuel  flow.  Implicit  in  these  calculations  are  two 
assumptions.  First,  the  fuel  is  assumed  to  mix  uniformly 
within  each  combination  of  partitions  before  mixing  with 
remaining  air.  Second,  any  fuel  blockage  effects  (which  would 
change  the  partitioning  as  a  function  of  fuel  flow)  are  assumed 
to  be  negligible.  At  this  air  flow  rate  (500  slpm),  LBO  occurs 
at  a  fuel  equivalence  ratio  of  about  0.42. 


TABLE  2 

LOCAL  0  FROM  TOTAL  FUEL  FLOW  AND  AIR 
FOR  EACH  FLOW  PASSAGE  COMBINATION 


Overall 

4> 

0  with  air 
from  primary 
swirler 

0  with  air 
from  primary 
+  secondary 
swirlers 

0  with  air 
from  primary 
+  secondary 
swirlers 
+  insert  iets 

0.62 

4.17 

1.11 

0.80 

1.08 

7.26 

1.94 

1.39 

1.49 

10.02 

2.67 

1.92 

With  these  assumptions  in  mind,  and  knowing  the 
flammability  limits  (0)  of  propane  are  roughly  0.5  to  2.5, 
some  conclusions  can  be  cautiously  applied  to  these  images. 
In  every  case,  the  air  in  the  primary  swirler  alone  does  not 
provide  sufficient  oxidizer  to  permit  combustion.  Thus,  the 
fuel  must  mix  with  at  least  the  secondary  swirled  air  before 
combustion  is  possible.  As  shown  in  Figure  12 A,  with  a  fuel 
equivalence  ratio  of  0.62,  the  funnel  structure  expected  in  a 
swirl  stabilized  flame  is  clearly  evident.  The  local  fuel 
equivalence  ratio  with  the  air  from  the  two  swirled  jets  is  1.11, 
indicating  little  air  from  the  insert  jets  is  needed  to  complete 
the  combustion.  Although  Figure  12A  shows  high 
concentrations  of  OH  radical  extending  above  the  funnel  like 
structure,  visual  observations  reveal  the  visible  flame  region 
is  apparently  only  a  thin  sheet,  much  like  a  horn,  or  funnel, 
with  a  rounded  cusp. 

As  the  overall  fuel  equivalence  ratio  is  increased  to  1.08 
(Figure  12B),  the  swirled  air/fuel  mixture  was  still  within 
flammability  limits.  What  changed  was  the  extra  fuel  left  to 
mix  with  the  insert  jets.  This  additional  fuel,  as  shown  in 
Figure  12B,  apparently  burned  on  the  shoulders  of  the  funnel 
like  structure.  Finally,  as  the  overall  fuel  equivalence  ratio  is 
increased  to  1.49  (Figure  12C),  the  very  fuel-rich  swirled  air 
directly  over  the  injector  can  no  longer  support  combustion. 
The  estimated  fuel  equivalence  ratio  in  this  central  zone  is 
estimated  to  be  about  2.67  which  exceeds  the  rich 
flammability  limits  for  propane  and  air.  The  characteristic 
funnel  of  a  swirl  stabilized  flame  is  no  longer  visible  in  Figure 
12C.  The  combustion  is  only  taking  place  where  air  from  the 
insert  and  dome  jets  has  reduced  the  local  fuel  equivalence  ratio 
to  within  the  flammability  limits  of  propane  and  air.  This  can 
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be  illustrated  by  comparing  Figure  12A  with  Figure  12C.  These 
two  images  appear  to  be  negatives  of  each  other— where  one  is 
black  the  other  is  white.  This  tends  to  support  an  assumption 
of  the  fuel  mixing  with  each  air  passageway  in  turn  from  the 
inside-out. 

OBSERVATIONS  AND  CONCLUSIONS 

There  have  been  considerable  insights  into  the  operational 
characteristics  of  a  practical  injector  gained  from  this  study. 
However,  there  is  much  to  be  done  before  a  full  understanding 
of  the  combustion  characteristics  of  a  practical  gas  turbine 
combustor  is  achieved. 

A  complex  series  of  intricate  flame  shapes  have  been 
observed  in  the  Task  150  technology  combustor.  Each  flame 
shape  indicates  a  different  mode  of  operation,  which  differ 
from  one  another  in  the  location  of  the  flame  fronts,  or  by 
some  structure  such  as  thickness  or  intensity.  The  different 
structures  observed  arise  from  changes  in  the  flow  fields, 
mixing  patterns,  or  fuel  equivalence  ratio  as  operating 
conditions  are  varied.  The  fuel  equivalence  ratio  where  the 
flame  transitions  from  one  structure  to  another  is  the  major 
operating  variable  affecting  flame  structure.  The  flames  were 


attached  to  the  insert  air  jets  when  the  burner  was  operated  very 
fuel  rich.  The  flame  would  then  lift,  reattach,  and  lift  again  as 
the  fuel  equivalence  ratio  was  progressively  reduced.  During 
the  reattachment  phase,  the  flame  would  take  on  many  of  the 
characteristics  of  a  strong  vortex  and  showed  characteristics 
much  like  a  tornado.  Consequently,  the  terminology  of  funnel 
cloud,  tornado,  and  debris  cloud  were  adopted  to  describe  some 
of  the  observed  flame  structure. 

Gas  velocity  measurements  were  made  where  the  flame  is 
well  attached  to  the  injector  (<j>  =  0.72),  at  fuel  rich 
conditions  (0  =  1.49)  where  the  flame  is  attached  to  the  dome 
and  insert  jets,  and  in  isothermal,  non-reactive  flows  where 
nitrogen  was  substituted  for  the  propane  fuel.  These  velocity 
data  have  allowed  the  effect  of  the  flame  temperature  on  the 
flow  Field  and  gas  velocities  to  be  determined. 

Gas  velocity  data  near  the  injector  have  shown  sharp  peaks 
in  mean  axial  velocity  near  the  outlet  of  the  injector,  and  a 
corresponding  strong  tangential  component  in  this  same 
location.  The  insert  jets  had  a  marked  influence  on  the  axial 
and  radial  components,  but  seemed  to  have  little  effect  on  the 
tangential  velocity  components.  The  sharp  gradients  in  axial 
velocity  component  were  observed  to  decay  quite  rapidly  with 
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a)  Fuel  Equivalence  Ratio  =  0.62  b)  Fuel  Equivalence  Ratio  =  1.08  d)  Fuel  Equivalence  Ratio  =  1.49 

FIGURE  12.  INSTANTANEOUS  PUF  CONTOURS  OF  OH  RADICAL  (T150-HS  BURNER,  500  SLPM  AIR) 


increasing  downstream  position.  The  strong  tangential 
velocities  associated  with  the  injector  rapidly  decayed  and 
diffused  to  the  outer  edges  of  the  reactor  becoming  nearly 
uniform  (ca  -1  m/s)  across  the  duct  by  the  150  mm  axial 
location.  Mass  balance  calculations  based  on  isothermal  axial 
velocity  measurements  have  been  used  to  determine  the 
accuracy  of  the  LDA  measurements,  and  to  assist  in  the 
extrapolation  of  the  velocity  to  the  wall.  The  mass  flow  rate  is 
strongly  influenced  by  the  gradient  assumed  near  the  wall,  but 
reasonable  velocity  interpolations  gave  reasonable  mass 
balance  closure. 

Images  from  still  photographs  and  angular  velocity  data 
deduced  from  the  tangential  velocity  measurements  have 
shown  that  the  flow  in  the  region  behaves  much  like  that 
observed  in  a  strong  vortex,  with  the  rotational  speed  in  rpm 
increasing  towards  infinity  as  the  zero  radius  position  is 
approached.  The  high  rotational  speeds  are  consistent  with 
visual  observations  of  the  flames.  The  steep  gradients  in 
angular  velocity  suggest  the  shear  stresses  in  the  swirling 
eddies  are  very  high. 

An  analysis  of  the  zero  axial  velocity  contours  for  one  of 
the  iso-thermal  flow  cases  (14slpm  N2»  and  500  slpm  air) 
has  been  used  to  show  the  complex  flow  structure  that  includes 
four  recirculation  zones:  one  at  the  bottom  edge  of  the  reactor 


driven  by  the  dome  jets.,  a  second  small  but  intense 
recirculation  zone  associated  with  the  injector  swirlers  directly 
over  the  injector,  a  third  major  recirculation  zone  that  begins 
at  the  edge  of  the  injector  and  angles  upward  to  the  wall  of  the 
reactor,  and  a  weak  fourth  recirculation  zone  high  up  in  the 
combustor.  The  weak  fourth  zone  was  not  seen  in  the 
combusting  flows.  The  recirculation  zones  are  consistent  with 
the  visual  observations  and  video  images  taken  of  the  reactor. 

CARS  gas  temperature  measurements  have  been  successfully 
made  in  the  Task  150  technology  combustor.  The  measured 
peak  temperatures  were  slightly  below  the  predicted  adiabatic 
flame  temperature  for  the  stoichiometric  and  fuel  rich  cases. 
The  peak  temperature  was  slightly  higher  than  the  adiabatic 
flame  temperature  for  the  lean  case,  which  suggests  a  local 
diffusion  zone  within  the  flame  that  is  close  to  a 
stoichiometric  fuel  equivalence  ratio. 

The  variation  in  temperature  field  as  the  fuel  equivalence 
ratio  changes  from  fuel  lean  to  fuel  rich  seemed  to  be 
consistent  with  the  observations  made  from  the  still 
photographs.  In  general,  the  temperature  measurements  are 
consistent  with  the  visual  flame  conditions,  the  PLIF  images 
of  the  OH  radical,  and  the  velocity  measurements  for  this 
particular  test  condition. 


13 


290 


The  PUF  images  of  the  OH  radical  taken  with  the  Task  150- 
HS  technology  burner  dramatically  illustrate  the 
characteristics  of  swirling  flames  and  the  highly  variable 
nature  of  the  flame  shape.  The  air  from  the  insert  jets 
significantly  affects  the  flame  structure,  and  the  different 
modes  of  operation  observed.  Correlation  of  these  OH  images 
with  the  partitioning  of  the  air  flow  rates  through  the  various 
air  passageways  of  the  injector  showed  a  consistent 
correlation  between  the  local  fuel  equivalence  ratio  and  the 
location  of  the  flame  structure.  The  images  at  low  overall  fuel 
equivalence  ratio  where  the  flame  is  well  attached  to  the  burner, 
and  the  images  at  high  overall  fuel  equivalence  ratio  where  the 
flame  is  attached  to  the  insert  jets  are  negatives  of  each  other¬ 
where  one  is  black  the  other  is  white.  This  supports  the 
assumption  of  the  fuel  mixing  with  each  passageway  in  turn 
from  the  inside-out. 
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ABSTRACT 

The  U.S.  Air  Force  is  conducting  a  comprehensive  research 
program  aimed  at  improving  the  design  and  analysis  capabilities 
for  flame  stability  and  lean  blowout  in  the  combustors  of  aircraft 
gas  turbine  engines.  As  part  of  this  program,  a  simplified  version 
of  a  generic  gas  turbine  combustor  is  used.  The  intent  is  to  provide 
an  experimental  data  base  against  which  lean  blowout  modeling 
might  be  evaluated  and  calibrated.  The  design  features  of  the 
combustor  and  its  instrumentation  are  highlighted,  and  the  test 
facility  is  described.  Lean  blowout  results  for  gaseous  propane  fuel 
are  presented  over  a  range  of  operating  conditions  at  three 
different  dome  flow  splits.  Comparison  of  results  with  those  of  a 
simplified  research  combustor  is  also  made.  Lean  blowout 
behavior  is  complex,  so  that  simple  phenomenological  correlations 
of  experimental  data  will  not  be  general  enough  for  use  as  design 
tools. 
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Combustion  stability  is  extremely  important  in  gas  turbine 
engines  for  aircraft  use.  It  is  becoming  increasingly  more  difficult 
to  ensure  that  adequate  stability  margins  can  be  maintained  in  the 
future  because  of  current  design  trends  toward  improved 
atomization  of  liquid  fuel,  high  temperature  rise,  and  low 
emissions  combustors,  and  their  associated  technologies. 


In  1987  the  U.S.  Air  Force  established  the  Combustor  Design 
Model  Evaluation  (CDME)  program,  with  the  goal  of  improving 
physical  modeling  to  facilitate  design  work.  Under  the  CDME 
effort,  a  joint  industiy/Goverament  laboratory/university  research 
program  was  initiated  to  address  stability  (Sturgess  et  al 1991a). 


The  intent  of  the  stability  research  program  is  to  investigate, 
understand  and  model  lean  blowouts  in  the  context  of  combustors 
for  aircraft  gas  turbines.  The  experimental  portion  of  the  program 
utilizes  three  combustors  as  test  vehicles.  These  consist  of  a 
research  combustor,  a  technology-development  combustor,  and  a 
generic  gas  turbine  combustor.  The  research  combustor  under¬ 
went  extensive  development  (Sturgess  et  al 1990  and  Heneghan 


Presented  at  the  International  Gas  Turbine  and  Aeroengine  Congress  and  Exposition 
Cincinnati,  Ohio  May  24-27,  1993 

This  paper  has  been  accepted  for  publication  in  the  Transactions  of  the  ASME 
Discussion  of  rt  will  be  accepted  at  ASME  Headquarters  until  September  30,1993 


294 


et  al. ,  1990)  and  is  providing  basic  information  on  lean  blowout 
(LBO)  for  a  combustor  that  is  simple  in  configuration  but, 
nevertheless,  contains  the  essential  primary  zone  flow  features  of 
a  practical  gas  turbine  combustor  (Roquemore  el  al.,  1991; 
Sturgess  e/ a/.,  1991b,  1991c  and  1992a).  A  preliminary  description 
of  the  generic  gas  turbine  combustor  is  given  in  Sturgess  et  al. 
(1991a). 

The  majority  of  the  published  work  on  flame  stability  is  for 
bluff-body  flame-holders  of  various  types,  or,  for  well-stirred 
reactors,  as  reviewed  by  Lefebvre  (1983).  The  amount  of 
experimental  data  published  in  the  open  literature  for  practical  gas 
turbine  combustors  is  much  less  extensive.  Given  the  large  number 
of  possible  geometric  variables  that  govern  flow  pattern, 
systematic  investigations  are  largely  lacking,  although  some  basic 
studies  are  reported  by  Jeffs  (1962)  and  Stewart  (1956).  However, 
the  commonly-used  form  of  practical  combustor  in  these  studies  is 
the  can-type;  almost  all  information  on  the  annular-type  of 
combustor  currently  used  in  aircraft  applications,  is  confined  to 
relatively  inaccessible  company  reports.  The  intent  of  this  paper  is 
to  experimentally  describe  the  lean  stability  behavior  of  an  annular 
combustor,  with  an  aim  of  eventually  modeling  this  behavior. 

DESIGN  OF  GENERIC  COMBUSTOR 

The  purpose  of  the  generic  gas  turbine  combustor  (known  as 
the  Task  200  combustor)  is  to  provide  an  experimental  data  base 
against  which  lean  blowout  modeling  of  various  types  might  be 
evaluated  and  calibrated.  This  purpose  places  three  major 
requirements  on  the  design  of  the  Task  200  combustor:  First,  that 
it  be  as  close  to  a  real  aircraft  gas  turbine  combustor  as  possible  in 
terms  of  LBO  characteristics  and  flowfield.  Second,  that  it  be 
flexible  enough  to  allow  sufficient  variation  in  relevant  geometry 
and  flow  distribution  to  afford  some  investigation  of  the  important 
primary  zone  design  parameters,  such  as  equivalence  ratio  and 
residence  time.  Third,  that  sufficient  optical  access  be  provided  so 
that  laser  diagnostics  might  yield  details  of  important  flow  features 
and  their  role  in  providing  stability.  Finally,  it  was  decided  to 
approach  the  LBO  problem  in  two  distinct  stages  -  initially,  with 
gaseous  fuels  (propane  and  methane),  and  lastly,  with  liquid  fuels 
(ethanol).  By  this  means  the  effects  of  liquid  fuel  atomization  and 
spray  evaporation  can  be  separated  from  the  aerothermochemical 
effects. 

The  aerothermodynamic  design  of  the  annular  combustor 
was  based  on  present  Pratt  &  Whitney  design  practice,  and  it 
utilized  airblast-atomizing  fuel  injectors  and  “inside-out” 
recirculation  (Sturgess  et  al.,  1990  and  1991a).  The  configuration 
adopted  for  the  Task  200  combustor  is  a  four-injector,  planar- 
section,  simplified  geometry  version  of  this  annular  combustor 
design.  The  fundamental  rig  design  to  accommodate  this 
combustor  was  carried  out  by  United  Technologies  Research 
Center  (UTRC),  with  subsequent  modifications  made  by  Wright 
Laboratories  to  improve  handling,  access  and  window  durability. 
The  distance  between  fuel  injector  centerlines  is  7.62  cm  (3.0  in), 
and  the  height  between  liners  is  9.91  cm  (3.9  in),  while  the  length 
of  the  combustor  is  20.83  cm  (8.2  in)  from  the  fuel  injector  face  to 
the  exit  nozzle  entrance. 

The  fuel  injectors  are  actual  engine  hardware,  with  sets 
modified,  calibrated  and  individually  balanced  with  Lee-jets  to 
flow  gaseous  or  liquid  fuels.  Low  and  high  swirl  versions  of  the 


injector  were  provided.  The  fuel  injector/combustor  dome 
interfaces  simulated  engine  practice.  The  major  dimensions  of 
combustor  dome  height,  length  and  injector  spacing  are  based  on 
those  of  the  engine  from  which  the  fuel  injectors  were  taken. 
Cooling  air  is  introduced  as  a  surface  film  at  the  dome/liner 
interfaces.  The  liners,  upper  and  lower,  are  removeable  and  may 
contain  any  desired  pattern  of  air  ports.  Metal  liners  do  not  have 
any  specific  internal  film  cooling,  but  are  provided  with  a  thermal 
barrier  coating  and  are  convectively  cooled  by  the  shroud  flows. 

The  diameters  of  the  ports  in  the  three  rows  of  air  addition  are 
0.635, 1303  and  0.897  cm  (0.250, 0.513  and  0.353  in)  respectively, 
with  a  lateral  spacing  between  ports  in  each  row  of  3.81  cm  (1.5  in). 
Ports  in  a  given  row  are  staggered  half  a  port  pitch  relative  to 
adjacent  rows,  while  the  ports  in  each  row  in  upper  and  lower  liners 
are  directly  opposed.  The  ports  in  the  first  row  are  positioned  with 
a  port  directly  inline  with  a  fuel  injector.  The  spacings  between 
rows  of  ports  are  as  follows:  first  to  second  —  4.267  cm  (1.68  in), 
and  second  to  third  —  3.962  cm  (1.56  in);  the  centerline  of  the  first 
row  of  ports  is  positioned  4.902  cm  (1.93  in)  downstream  from  the 
fuel  injector  feces. 

The  current  pattern  of  circular  air  ports  in  the  liners  is  one 
successfully  developed  at  Pratt  &  Whitney  for  an  in-service  engine. 
Careful  in  situ  measurements  were  made  of  the  discharge 
coefficients  for  the  dome,  liner  ports  and  fuel  injectors. 


Two  domes  are  available;  one  a  plain  bulkhead  (also  provided 
with  thermal  barrier  coating)  and  the  other  a  vertically- 
symraetrical  configuration  having  filleted  upper  and  lower  corners 
(Fig.  1).  Dome  cooling  is  provided  by  means  of  impingement  jets, 
with  spent  dome  cooling  air  being  discharged  at  the  dome/liner 
interfaces  as  a  liner  film.  Ignition  is  by  means  of  a  hydrogen 
torch-ignitor  mounted  in  the  dome. 


Fig.  1  Cross  Section  of  the  Task  200  Generic  Combustor, 
Showing  Optical  Access  and  Flexibility  Features  of  the 
Design 


Air  is  supplied  to  the  dome  and  upper  and  lower  shrouds  by 
individually-metered  supplies  that  are  always  isolated  from  each 
other  by  means  of  an  upstream  array  of  sonic  venturis.  At  the  exits 
from  the  combustor  and  shrouds  are  independent  water-cooled 
valves  that  control  the  bypass  flows. 

Fig.  2  shows  the  partially  assembled  rig;  the  combustor  dome, 
the  fuel  injectors  and  one  liner  can  be  seen. 
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Fig.  2  Partially- Assembled  Combustor,  Showing  Dome,  Fuel 

Injector/Dome  Interfaces,  and  One  Liner 


OPTICAL  ACCESS 

Direct  optical  access  to  the  combustor  for  visualization  and 
laser  diagnostics  is  provided  primarily  by  the  side-walls  enclosing 
the  four-injector  section.  These  side-walls  are  of  fused  quartz  and 
are  contained  in  water-cooled  housings.  Two  thicknesses  of 
sidewall  are  available  -  1.905  cm  (0.75  in)  for  operation  at  internal 
pressures  up  to  448.2  kN/m2  (65  psia),  and  0.318  cm  (0.125  in)  for 
operation  at  atmospheric  pressure. 

A  further  optical  path  is  provided  by  windows  in  the  base  of 
the  rig  (Fig.  1),  that  allow  laser  beam  access  to  a  high-speed 
rotating  mirror  contained  by  the  dome  lower  fillet-piece  (this 
dome  configuration  only).  Through  selectively-opened  slits  up  the 
height  of  the  dome,  the  rotating  mirror  can  scan  the  combustor 
with  vertical,  planar  sheets  of  laser  light  for  imaging  purposes.  For 
thermal  protection,  the  mirror  cavity  is  purged  with  a  small, 
pressure-balanced  flow  of  gaseous  nitrogen. 

A  set  of  liners,  containing  the  current  air  port  hole  pattern,  is 
available  in  fused  quartz  for  direct  vertical  access  to  the  reacting 
flow. 

RIG  AND  FACILITY 

The  rig  is  mounted  horizontally  in  a  test  cell  (Room  20)  of 
Wright  Laboratories,  Wright-Patterson  Air  Force  Base,  Dayton, 
Ohio.  It  provides  flow,  metering  and  control  of  air,  fuel,  nitrogen 
and  cooling  water  to  the  Task  200  combustor.  A  schematic  flow 
path  for  the  rig  is  given  in  Fig.  3. 

Compressor  air  is  supplied  to  the  facility  via  a  delivery  system 
and  isolating  valve.  The  rig  divides  this  air  into  three  separate 
streams  that  respectively  feed  the  upper  shroud,  dome  and  lower 
shroud.  The  passage  flow  splits  are  set  by  means  of  control  valves, 
and  each  stream  is  pressure-isolated  from  its  companions  on  the 
valve  upstream  side  by  means  of  appropriately-sized  sonic 
venturis.  Individual  stream  flows  are  then  measured  by  calibrated 
orifice  plates  downstream  of  the  control  valves.  For  simulation  of 
low  pressures,  gaseous  nitrogen  from  a  bottled  supply  is  introduced 
into  the  main  air  line  far  upstream  from  the  three-way  split,  so  that 
it  is  thoroughly  mixed  with  the  incoming  air  prior  to  the  sonic 
venturis. 


Fig.  3  Schematic  of  Facility,  Showing  Air,  Fuel,  Excess 
Nitrogen,  and  Cooling  Water  Circuits 


Gaseous  propane  from  a  tank  farm  is  metered  by  low-range 
and  high-range  turbine  flow  meters,  and  the  filtered  supply  is 
delivered  to  a  manifold  feeding  the  four  fuel  injectors. 

The  torch  ignitor  is  mounted  on  the  rig  and  discharges  directly 
into  the  dome.  It  is  supplied  separately  with  air  and  gaseous 
hydrogen;  ignition  is  by  spark  plug.  After  a  successful  light  of  the 
main  combustor,  the  torch  ignitor  is  turned  off. 

Cooling  water  for  the  window  frames  is  pumped  from  a 
reservoir  to  the  frames  where  it  flows  upstream  (counterflow  heat 
exchanger).  As  the  heated  water  leaves  the  rig,  its  temperature  is 
monitored  by  a  thermocouple.  Before  being  returned  to  the 
reservoir,  the  heated  water  is  first  passed  through  a  heat 
exchanger. 

The  discharge  from  the  rig  enters  an  atmosphere-pressure 
exhaust  ejector  and  exits  the  facility  to  ambient  conditions. 

Fig.  4  shows  the  rig  mounted  in  the  facility.  Flow  is  from  left 
to  right,  and  the  rig  exhausts  from  the  facility  via  the  circular  duct 
on  the  right.  Mounted  under  and  on  either  side  of  the  test  section 
may  be  seen  the  hardened  LDA  and  CARS  system  currently  being 
used  to  map  the  combustor  velocity  and  temperature  fields. 


Fig.  4  Rig  Mounted  in  the  Facility,  Showing  Exhaust 
Arrangement  and  Hardened  LD A/CARS  Instruments 
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The  facility  in  which  the  rig  is  installed  is  capable  of  supplying 
up  to  13.61  kg/sec  (30.0  lbm/sec)  of  air  at  ambient  temperature, 
and  up  to  10.433  kg/sec  (23  lbm/sec)  at  temperatures  up  to  922K 
(1200F)  (nonvitiated);  the  air  can  be  delivered  at  pressures  up  to 
5171  kN/m2  (750  psia).  The  fuel  supplies  in  the  facility  are,  for 
propane,  up  to  0.227  kg/min  (0-5  lbm/min)  at  689.5  kN/m2  (100 
psig);  for  methane,  up  to  0.181  kg/min  (0.4  lbm/min)  at  1034.2 
kN/m2  (150  psig);  and  for  liquid  fuels,  up  to  6.804  kg/hr  (15  lbm/hr) 
at  1379  kN/m2  (200  psig).  The  bottled  nitrogen  supply  is  capable 
of  delivering  up  to  9.072  kg/min  (20  lbm/min)  at  3447.4  kN/m*  (500 
psig)  for  a  limited  period  of  time. 

COMBUSTOR  FLOW  SPLITS 

Fig.  5  shows  diagrammatically  the  flow  distribution  in  the 
combustor  rig. 
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Fig.  5  Diagrammatic  Representation  of  Combustor  Flow 
Splits 


The  minimum  levels  of  bypass  flows  were  always  set  for 
convective  cooling  of  the  liners.  The  combustor  total  airflow  was 
defined  as  the  sum  of  the  metered  dome  flow  and  the  calculated  jet 
flows  based  on  measured  pressure  drops  and  pre-established  hole 
effective  areas,  i.e., 


wab  =  Wdomc  +  (1) 

The  dome  flow  was  made  up  of  the  injector,  insert  jets 
(around  the  individual  injectors)  and  dome  cooling  airflows,  ie., 

Wdomc  =  Winjectors  +  Wm^itjcts  +  Wealing  (2) 

The  primaiy  zone  airflow  consisted  of  the  dome  flow  plus  27.9 
percent  of  the  first  row  jet  air.  This  value  of  primaiy  zone-active  jet 
air  has  been  established  separately  (Sturgess  et  al ,  1992b)  for  the 
particular  primary  zone  aerodynamic  flow  pattern  used.  Thus, 

Wrz.  =  Wdomc  +  0.279W  ist.jets  (3) 

For  a  particular  run,  flow  split  information  was  established  at 
the  set  point  without  combustion,  prior  to  each  blowout  test  point. 

The  measured  effective  areas  for  the  liner  air  ports,  top  and 
bottom  respectively,  are  as  follows:  first  row  -  1.516  and  1.632  cm2 
(0.235  and  0.253  in2);  second  row  —  4.968  and  5.394  cm2  (0.77  and 
0.836  in2);  and  third  row  —  2.845  and  2.852  cm2  (0.441  and  0.442 
in2).  The  total  effective  area  of  the  dome  is  8.652  cm2  (1.341  in2), 
and  that  of  the  fuel  injector  air  passages  is  5.929  cm2  (0.919  in*) 
(total  of  four  injectors). 


BLOWOUTS  WITH  PROPANE 

Testing  with  gaseous  propane  has  been  completed  for  three 
values  of  dome  flow,  consisting  of  10, 15  and  20  percent  of  the  total 
airflow  entering  the  combustor.  For  each  flow  split,  lean  blowouts 
were  taken  for  a  series  of  total  airflows,  and  for  a  range  of  excess 
nitrogen  flows  at  each  airflow.  Flame  characteristics  during  the 
blowouts  were  recorded  on  videotape  with  viewing  through  the 
side-windows.  The  liner  hole  patterns  remained  fixed  for  all  tests 
reported.  The  low-swirl  fuel  injectors  were  used  for  all  the  data 
presently  reported. 

Without  combustion,  the  required  airflow  rate  and 
dome/shroud  bypass  flow  splits  were  established.  The  combustor 
was  lit  and  the  torch  ignitor  turned  off.  Once  thermal  stability  was 
established,  the  flow  rates  and  flow  splits  were  again  taken.  Fuel 
flow  was  then  reduced  in  a  series  of  progressively  smaller  steps, 
with  allowance  for  thermal  stabilization  at  each  fuel  decrement 
Blowout  was  detected  visually  through  the  side  windows. 
Instrumentation  was  automatically  scanned  both  before  and 
immediately  after  the  ultimate  fuel  decrement 

Shown  in  Fig.  6  is  the  atmospheric  pressure  LBO  fuel  mass 
flow  rate  (all  four  injectors)  with  increase  in  primary  zone  airflow 
for  zero  excess  nitrogen  flow  at  15  percent  dome  flow.  The  effect 
of  nitrogen  addition  is  given  in  Fig.  7  over  a  series  of  primaiy  zone 
airflows.  Both  flow  relationships  are  linear  for  the  ranges  covered, 
with  LBO  fuel  flow  increasing  with  both  airflow  and  nitrogen  flow. 
For  the  range  of  air  and  excess  nitrogen  flows  covered  at  15  percent 
dome  flow,  the  primary  zone  equivalence  ratio  remains  less  than 
unity,  as  Fig.  8  indicates  for  zero  excess  nitrogen. 


Primary  Zone  Airflow,  lbm/sec. 

Fig.  6  Dependence  of  Blowout  Fuel  Mass  Flowrate  on  Primary 
Zone  Airflow  for  the  15  Percent  Dome  Flow  Combustor 
at  Atmospheric  Pressure 
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Nitrogen  Mass  Flow  Rate.  E-04  Ibm/sec. 


Fig.  7  Dependence  of  Blowout  Fuel  Mass  Flowrate  on  Excess 

Nitrogen  Mass  Flowrate  at  Several  Primary  Zone 
Airflows  in  the  15  Percent  Dome  Flow  Combustor 


Primary  Zone  Airflow,  Ibm/sec. 


Fig.  8  Relation  Between  Primary  Zone  Equivalence  Ratio  at 
Blowout  and  Primary  Zone  Airflow  at  Atmospheric 
Pressure  in  the  15  Percent  Dome  Flow  Combustor 

For  10  percent  dome  flow,  the  primary  zone  equivalence  ratio 
can  exceed  unity  when  the  combustor  airflow  is  low  and/or  the 
nitrogen  flow  rate  is  high.  Under  these  circumstances,  the  burning 
zone  is  greater  in  length  than  the  primary  zone,  and  extends  to 
encompass  sufficient  air  to  burn  all  the  fuel.  When  this  happens, 
the  flame  extends  around  the  first  row  of  transverse  air  jets. 
Eventually,  the  local  equivalence  ratio  can  again  exceed  a  value  of 
unity,  and  the  second  row  of  air  jets  becomes  involved  in  the 
combustion  process.  The  result  of  this  behavior  is  that  as 
combustor  loading  is  increased,  a  quasi  fuel  staging  process 


(Sturgess  et  aL,  1992b)  develops.  Quasi  fuel  staging  for  the  Task 
200  combustor  at  10  percent  dome  flow  is  illustrated  in  Fig.  9,  with 
the  corresponding  changes  in  burning  zone  length  being  shown  in 
Fig.  10.  When  quasi  fuel  staging  occurs,  it  is  more  realistic  to  refer 
to  “burning  zone”  rather  than  primary  zone.  The  burning  zone 
length  is  determined  by  adding  to  the  primary  zone  downstream  air 
in  bulk  fashion  until  a  local  equivalence  ratio  of  unity  is  reached  or 
exceeded. 


Fig.  9  Relationship  Between  Burning  Zone  and  Primary  Zone 

Equivalence  Ratios  in  the  10  Percent  Dome  Flow 
Combustor  to  Illustrate  Quasi-Staging  of  Fuel 


Fig.  10  Variation  of  Burning  Zone  Length  with  Primary  Zone 
Equivalence  Ratio  in  the  10  Percent  Dome  Flow 
Combustor  as  a  Result  of  Quasi-Staging  of  Fuel 
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The  inert  gas,  excess  nitrogen  dilution  technique  (Sturgess 
etaLy  1991c)  simulates  low  pressures  through  slowing  chemical 
reaction  rates  by  lowering  the  concentration  of  reactants,  and 
through  reduction  in  reaction  temperature  by  virtue  of  the 
nitrogen  heat  capacity.  If  the  mass  flow  rate  of  nitrogen  is  high 
relative  to  that  of  the  air,  it  will  also  result  in  a  reduction  of 
residence  time  in  the  reaction  zone.  The  viability  of  the  technique 
depends  on  the  assumption  that  combustion  is  not  residence  time 
limited.  Fortunately,  for  LBOs  the  flame  does  not  fill  the  complete 
combustor,  even  with  quasi  fuel  staging.  The  presence  of  the  excess 
nitrogen  must  be  accounted  for  if  constant  residence  time/ 
reference  velocity  comparisons  are  to  be  made.  It  must  be 
remembered  that  although  the  inert  diluent  can  slow  chemical 
reaction  rates  in  a  similar  fashion  to  true  low  pressures,  the  actual 
pressure  in  the  reactor  is  not  reduced.  Thus,  reference  velocity  and 
residence  time  are  conveniently  independent  of  simulated 
pressure. 

The  calibration  of  excess  nitrogen  as  an  inert  diluent  for 
simulation  of  low  pressures  is  presented  graphically  in  Sturgess 
etal  (1991c).  Using  the  calibration  of  the  inert  diluent,  an 
equivalent  pressure  for  the  LBOs  can  be  obtained.  The  relation 
between  equivalent  pressure  and  burning  zone  excess  nitrogen  to 
fuel  mass  ratio  is  shown  in  Fig.  11  for  burning  zone  airflows  of  0.018 
to  0.045  kg/sec  (0.040  to  0.100  Ibm/sec)  at  10  percent  dome  flow, 
and  for  10, 15  and  20  percent  dome  flows  at  0.045  kg/sec  (0.100 
Ibm/sec)  burning  zone  airflow.  Extremely  low  values  of  equivalent 
pressure  can  be  achieved,  although  the  technique  does  reach 
saturation  for  excess  nitrogen  to  fuel  mass  ratios  greater  than  8.0. 


Burning  Zone  Excess  Nilrogen/Fuel  Mass  Ratio 

Fig.  1 1  Effect  of  Equivalent  Pressure  Due  to  Excess  Nitrogen  on 

Blowout  Characteristic  for  Task  200  Combustor 

The  effect  of  equivalent  pressure  on  blowout  primary  zone 
equivalence  ratio  with  increasing  primary  zone  airflow  can  be  seen 
by  comparing  Fig.  12  (0.4  atmosphere)  against  Fig.  8  (1.0 
atmosphere).  Fig.  12  is  corrected  to  the  same  residence  times  as  for 
Fig.  8.  The  correction  is  to  multiply  the  observe*}  blowout 
equivalence  ratio  at  fixed  inlet  airflow  by  the  ratio  of  total  mass 
flows  entering  the  primary  zone  without  and  with  excess  nitrogen. 
The  equivalence  ratio-plateau  observed  at  atmospheric  pressure 
is  reduced  in  presence  at  the  lower  pressure.  This  decrease  appears 
to  be  due  to  the  changing  slope  of  the  overall  blowout  curve  (see 
Fig.  20  for  example)  at  the  higher  combustor  loadings  associated 
with  the  lower  pressure. 


Fig.  12  Dependence  of  Primary  Zone  Blowout  Equivalence 
Ratio  on  Primary  Zone  Airflow  in  the  15  Percent  Dome 
Flow  Combustor  at  0.4  Atmospheres  Equivalent 
Pressure 

For  10  percent  dome  flow,  the  effect  of  equivalent  pressure  is 
complicated  by  the  change  in  burning  zone  that  takes  place  as 
combustor  loading  is  increased.  Fig.  13  shows  the  variation  in  LBO 
burning  zone  equivalence  ratio  with  equivalent  pressure  for 
burning  zone  airflows  of  0.018  to  0.045  kg/sec  (0.040  to  0.100 
Ibm/sec),  where  the  data  have  been  linearly  corrected  to  zero 
excess  nitrogen  residence  times.  The  three  burning  zone  airflows 
correspond  to  constant  (cold)  reference  velocities  of  1.372, 1.036 
and  0.549  m/s  (4.5,  3.4  and  1.8  ft/sec),  respectively.  The  blowout 
data  for  the  three  reference  velocities  collapse  within  the  scatter 
of  an  individual  reference  velocity. 


Fig.  13  Effect  of  Equivalent  Pressure  on  Burning  Zone 
Equivalence  Ratio  at  Blowout  in  the  10  Percent  Dome 
Flow  Combustor  for  Several  Constant  Values  of  Burning 
Zone  Airflow 

It  can  be  seen  that  as  the  equivalent  pressure  is  reduced  the 
burning  zone  equivalence  ratio  at  blowout  increases  slightly  from 
the  value  at  atmospheric  pressure  (loss  of  stability)  to  a  maximum 
value  of  about  0.65  at  03  atmosphere.  Thereafter,  it  decreases 
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sharply  with  further  decrease  in  effective  pressure  (gain  of 
stability).  The  peak  in  blowout  occurs  at  an  equivalent  pressure 
that  corresponds  to  a  condition  at  which  the  primary  zone  reaches 
unity  (uncorrected)  equivalence  ratio.  (The  peak  blowout 
equivalence  ratio  is  at  a  value  less  than  unity  due  to  the  residence 
time  correction  necessary  because  of  the  excess  nitrogen.)  Thus, 
for  equivalent  pressures  greater  than  0.3  atmosphere,  the  flame  at 
blowout  is  stabilized  in  the  primary  zone;  for  equivalent  pressures 
less  than  0.3  atmosphere,  the  flame  is  stabilized  in  a  burning  zone 
that  includes  and  extends  beyond  the  primary  zone.  Flame  holding 
in  this  condition  is  provided  by  the  first  row  of  air  jets 
supplementing  the  regular  primary  zone. 

The  discrete  character  of  the  air  addition  to  the  combustor 
and  the  burning  zone  (B.Z.)  definition  together  allow  the 
possibility  that  the  uncorrected  equivalence  ratio  could  be  below 
unity  at  quasi-staging,  and  that  as  the  burning  zone  extends  itself, 
the  corrected  equivalence  ratio  would  fall  as  the  equivalent 
pressure  falls.  The  residence  time  correction  then  applied  to  the 
equivalence  ratio  will  also  increase  as  the  equivalent  pressure  falls, 
due  to  the  growing  quantities  of  excess  nitrogen  introduced. 

Fig.  14  shows  the  variation  of  the  uncorrected  primary  zone 
equivalence  ratio  at  blowout  with  equivalent  pressure  for  a 
constant  B.Z.  airflow  of 0.045  kg/sec  (0.100  Ibm/sec)  [constant  cold 
reference  velocity  of  1.372  m/s  (4.5  ft/sec)]  in  the  10  percent  dome 
flow  combustor.  The  behavior  is  similar  to  that  shown  in  Fig.  13  for 
the  B.Z.’s,  and  shows  unity  equivalence  ratio  is  reached  at  an 
equivalent  pressure  of  0.3  atmosphere.  This  confirms  the 
interpretation  of  the  minimum  stability  point  in  Fig.  13. 


EQUIVALENCE  RATIO  UNCORRECTED 
FOR  EXCESS  NITROGEN  FLOW  RATE 


Equivalent  Pressure,  atmos. 

Fig.  14  Variation  of  Primary  Zone  Equivalence  Ratio  at 
Blowout  with  Decreasing  Equivalent  Pressure  in  the  10 
Percent  Dome  Flow  Combustor  at  a  Fixed  Burning  Zone 
Airflow 


Fig.  15  gives  the  combined  B.Z.  blowout  behavior  with 
different  dome  flows  at  constant  B.Z.  airflow,  as  the  equivalent 
pressure  is  reduced.  There  is  more  scatter  but  the  characteristics 
are  again  very  similar  to  those  of  Fig.  13.  The  20  percent  dome  flow 
combustor  has  a  P.Z.  that  reaches  an  uncorrected  unity 
equivalence  ratio  at  0.4  atmosphere  (from  a  plot  similar  to  Fig.  14). 
The  peak  corrected  B.Z.  equivalence  ratios  at  blowout  depend  on 
the  dome  flow,  and  increase  with  increasing  dome  flow.  The  peak 
corrected  B.Z.  equivalence  ratio  at  LBO  occurs  at  higher 
equivalent  pressures  for  higher  dome  flow  splits.  Although  Fig.  15 
is  for  a  constant  cold  reference  velocity  of  1 .372  m/s  (4.5  ft/sec),  the 
higher  dome  flow  combustor  has  a  shorter  P.Z.  residence  time  than 
does  the  lower  dome  flow  combustor.  Note  that  the  B.Z.  stability 
for  both  dome  flow  splits  is  independent  of  dome  flow  when  the 
flame  holding  also  depends  on  jet-stabilization  as  well  as  on  the 
dome. 


BURNING  ZONE  AIRFLOW  =  0.1  lbm/sec. 
EQUIV.  RATIOS  CORRECTED  TO  ZERO 
EXCESS  N2  RESIDENCE  TIMES 


Fig.  15  Variation  of  Burning  Zone  Equivalence  Ratio  at 
Blowout  with  Equivalent  Pressure  at  Fixed  Burning 
Zone  Airflow,  Showing  the  Dependence  on  Dome  Flow 
for  Primary  Zone  Burning  and  the  Independence  of 
Dome  Flow  for  Downstream  Burning 

The  lines  shown  on  the  figure  for  10  and  20  percent  dome 
flows  are  curve  fits  to  the  data  that  are  forced  to  intersect  the 
combined  (linear)  line  at  the  respective  value  of  equivalent 
pressure  for  which  the  P.Z.  equivalence  ratio  reaches  unity. 

FLAME  PATTERN  CHANGES 

For  the  15  percent  dome  flow  split,  it  was  observed  for  high 
values  of  primary  zone  airflow  that  a  marked  change  in  primary 
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zone  flame  shape  took  place,  and  this  was  also  accompanied  by  a 
marked  reduction  in  combustion  noise.  The  two  flame  patterns 
have  been  denoted  as  a  “lifted  flame”  (normal  condition)  and  an 
“attached  flame”  (occurring  at  the  higher  flows).  Fig.  16  displays 
photographs  of  the  two  flames.  Fig.  17  is  a  repeat  of  Fig.  8  but  with 
delineation  of  the  flame  type  and  some  additional  (no  blowout) 
points  to  illustrate  this  effect.  Comparison  of  Figs.  8  and  17 
suggests  that  the  attached  flame  condition  might  represent  a  more 
stable  combustion  situation.  The  reduction  in  combustion  noise 
also  suggests  this. 


Fig.  16  Attached  and  Lifted  Flames  in  the  Task  200  Combustor 


Primary  Zone  Airflow,  Ibm/sec. 

Fig.  17  Demonstration  of  Different  Flame  Conditions  at 
Atmospheric  Pressure  in  the  15  Percent  Dome  Flow 
Combustor  with  Primary  Zone  Burning 

The  blowout  data  presented  up  to  Fig.  17  are  all  of  a  single 
flame  type  —  the  lifted  flame.  This  is  believed  to  be  the  more  usual 
burning  mode  in  combustors  of  the  present  type  at  these  operating 
conditions.  The  attached  flame  was  only  encountered  for 
extremely  high  values  of  airflow  at  the  lower  primary  zone  airflow 
splits.  It  was  almost  never  encountered  at  the  20  percent  dome 
flow.  Since  a  significant  proportion  of  the  flow  through  the  dome 
is  air  passing  through  the  (airblast)  fuel  injectors,  the  injectors  at 
these  conditions  are  being  operated  “off-design.”  There  is 
evidence  from  the  technology  combustor  (to  be  reported)  that  the 
local  flame  characteristics  immediately  adjacent  to  the  injector 
discharge  are  dictated  by  local  stoichiometry  distributions 
associated  with  the  injector,  i.e.,  a  local  flammability  window  is 
opened  between  the  rich  and  lean  limits  that  permits  combustion 
close  to  the  injector. 

A  definitive  explanation  of  the  circumstances  of  the  attached 
flame/lifted  flame  phenomenon  is  not  yet  available,  and  it  is  being 
further  explored  in  the  (Task  150)  technology-development 
combustor,  which  is  a  single  Task  200  fuel  injector  element 
mounted  in  a  version  of  the  (Task  100)  research  combustor.  The 
phenomenon  has  been  reproduced  in  the  Task  150  combustor  and 
so,  is  clearly  associated  with  the  design  of  the  fuel  injectors.  The 
behavior  appears  to  be  analogous  to  the  attached/lifted  flame 
behavior  observed  in  the  (Task  100)  research  combustor  (Sturgess 
et  al.,  1991c  and  1992a). 

CORRELATED  DATA 

Some  of  the  blowout  modeling  being  developed  as  part  of  this 
research  effort  is  based  on  well-stirred  reactor  networks.  Because 
of  this,  the  collected  blowout  data  have  been  correlated  on  the 
basis  of  well-stirred  reactor  theory.  LBO  data  from  the  research 
combustor  were  successfully  correlated  (Sturgess  et  a/.,  1991c)  by 
the  combustor  loading  parameter,  defined  as, 
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T  P  -  mTot 

ypnp 

where, 

mxot  =  mf  +  ma  +  mN2  lbm/sec 
V  »  reactor  volume,  ft3 

P  =  pressure,  atmospheres 

n  “  2<|>LB(y(l+°1N2/nia)  apparent  global  reaction  order 
100.00143T 

F  = -  (to  correct  to  400K) 

3.72  x 

T  =  inlet  temperature,  K 

Correction  of  the  data  to  a  constant  inlet  temperature  of 400K 
represents  tribute  to  the  pioneering  well-stirred  reactor  work  of 
Longwell,  since  400Kwas  the  inlet  temperature  used  in  his  original 
experiments  (Longwell  et  aL ,  1953). 

The  general  form  of  the  W.S.R.  loading  parameter  cor¬ 
relation  group  follows  Kretschmer  and  Odgers  (1972),  and  has 
been  in  common  use  for  many  years;  here,  it  has  been  modified  to 
account  for  the  use  of  excess  nitrogen  as  a  diluent,  as  described  in 
Sturgess  et  aL  (1991c).  The  intended  use  of  the  group  is  as  a 
correlating  parameter  for  experimental  data.  In  general,  the 
equivalence  ratio  of  a  combustor  primary  zone  will  be  established 
at  a  specific  design  point  by  considerations  other  than  flame 
stability.  It  will,  therefore,  be  known  at  off-design  point  operating 
conditions  where  stability  becomes  important  The  design 
engineer  then  desires  to  check  whether  or  not  the  combustor  as 
designed  remains  alight  at  these  off-design  conditions.  This  is  done 
by  determining  if  the  operating  line  for  the  combustor  falls  within 
the  previously-determined  appropriate  stability  loop  for  the  type 
of  combustor  under  consideration  (see  Sturgess  et  aL ,  1991a,  for 
an  example). 

Well-stirred  reactor  modeling  is  a  convenient  and 
inexpensive  method  to  introduce  a  (reasonably)  full  chemical 
reaction  mechanism  into  consideration  for  calculations  of  lean 
blowout  A  difficulty  is  in  defining  a  suitable  network  to  represent 
a  practical  combustor.  One  of  the  procedures  being  developed 
under  this  research  effort  is  network  definition  via  computational 
fluid  dynamics  (CFD)  modeling  (Sturgess  et  aLy  1991a).  For  this 
reason,  it  is  presently  convenient  to  use  the  well-stirred  reactor 
approach  for  the  purposes  of  experimental  data  comparison. 

Shown  in  Fig.  18  are  the  correlated  blowout  data  for  lifted 
flames  only,  in  the  10  percent  dome  flow  combustor.  The  blowout 
equivalence  ratio  is  for  the  complete  combustor,  as  is  the  reactor 
volume  used  in  the  loading  parameter.  The  complete  combustor 
airflow  is  the  sum  of  (Fig.  5)  dome  and  first,  second,  and  third  rows 
of  transverse  jet  airflows,  and  this  is  used  to  calculate  the  overall 
equivalence  ratio.  The  correlation  achieved  is  quite  satisfactory. 

It  can  be  seen  that  the  behavior  up  to  a  loading  of  10 
lbm/sec(ft3  atmos11)  follows  the  traditional  lean -side  stability  loop 
characteristic  form.  The  flame  is  stabilized  only  in  the  primary 
zone  for  these  loadings.  For  loadings  greater  than  10,  quasi-staging 
comes  into  effect  as  the  flame  grows  first  around  the  first  row  of 
transverse  air  jets  in  the  combustor,  and  then,  eventually  extends 
to  involve  the  second  row  of  jets.  The  behavior  can  be  easily  related 


to  Fig.  9.  It  is  interesting  to  note  that  the  staging  behavior  observed 
in  the  Task  200  generic  combustor  might  also  explain  the  LBO 
characteristic  of  another  practical  combustor  presented  in 
Sturgess  et  aL  (1991a). 


Fig.  18  Correlated  LBO  Data,  Demonstrating  Quasi-Staging  in 
the  10  Percent  Dome  Flow  Combustor  for  Lifted 
Primary  Zone  and  Jet-Stabilized  Flames 

The  correlated  data  for  the  15  percent  dome  flow  combustor 
do  not  exhibit  quasi-staging  up  to  a  loading  parameter  of 
15  lbm/sec(ft3  atmos11),  and  the  20  percent  dome  flow  combustor 
does  not  evidence  it  up  to  loadings  of  20  Ibm/sec(ft3  atmos11).  This 
is  because  of  the  higher  primaiy  zone  airflows  of  these  combustors. 

In  Fig.  19  the  correlated  LBO  data  for  the  attached  and  lifted 
flames  up  to  the  first  quasi-staging  point  for  the  10  percent  dome 
flow  combustor  are  compared.  The  loading  parameters  are  based 
on  the  actual  burning  zones  containing  the  flame.  It  can  be  seen 
that  either  flame  can  exist  at  a  given  loading  parameter,  and  that 
the  attached  flame  does  indeed  have  improved  stability  over  the 
lifted  flame,  as  was  suggested  by  Fig.  17.  Again,  there  is,  as  yet,  no 
definitive  explanation  for  the  circumstances  that  result  in  an 
attached  or  lifted  flame  condition. 


Fig.  19  Correlated  LBO  Data  in  the  10  Percent  Dome  Flow 
Combustor,  Prior  to  Quasi-Staging  (i.e.,  Primaiy  Zone 
Burning)  for  Lifted  and  Attached  Flames,  Showing 
Improved  Stability  with  Attached  Flames 
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The  effect  of  dome  flow  for  primary  zone  burning  only  is 
shown  in  Fig.  20  by  comparing  the  correlated  data  for  the  10  and 
20  percent  dome  flow  combustors.  For  the  10  percent  case,  both 
attached  and  lifted  flame  data  are  shown,  and  the  flame  effect  is 
almost  as  strong  an  influence  on  stability  as  is  the  percent  dome 
flow.  Only  two  data  points  for  attached  flames  in  the  20  percent 
dome  were  available  at  the  time  of  writing,  and  these  fall  in  with 
the  lifted  flame  data  for  this  dome.  The  lifted  flame  data  for  the  15 
percent  dome  flow  combustor  fall  between  the  data  for  the  10  and 
20  percent  domes.  Note  that  the  higher  primary  zone  loading  for 
the  20  percent  dome  results  in  an  increased  sensitivity  of  LBO 
equivalence  ratio  to  loading  when  overall  loading  exceeds  10 
lbm/sec(ft3atmosn).  The  effect  of  increased  dome  flow  is  to  reduce 
the  combustor  stability. 


£ 
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Overall  Combustor  Loading 


Fig.  20  Effect  of  Dome  Flow  for  Primaiy  Zone  Burning  in  the 
Task  200  Combustor,  for  Lifted  and  Attached  Flames 


Fig.  21  compares  the  Task  100  research  combustor  stability 
characteristic  with  the  collected  burning  zone  equivalence  ratios  at 
lean  blowout  for  the  10,  15  and  20  percent  dome  flow  Task  200 
generic  combustors,  on  a  basis  of  burning  zone  loading  parameter. 


Fig.  21  Comparison  of  the  Generic  Combustor  Primary  Zone 
Stability  with  Lifted  Flames  Against  Well-Stirred 
Reactor  Stability 


For  the  generic  combustor  data  presented,  the  burning  zone 
is  confined  to  the  conventional  primary  zone.  Furthermore,  only 
lifted -flame  data  are  shown.  Thus,  quasi-staging  data  have  been 
excluded  so  that  consistent  types  of  flame-holding  behavior  in  the 
generic  combustor  are  compared  with  the  W.S.R.  Since  the  flames 
near  blowout  in  the  research  combustor  were  all  lifted,  the 
partial-premixing  character  of  the  lifted  flames  in  both  combustors 
should  be  similar. 


COMPARISON  WITH  WELL-STIRRED  REACTOR 

The  stability  performance  of  a  combustor  can  be  usefully 
compared  with  that  of  a  well-stirred  reactor  (W.S.R.),  which 
achieves  its  peak  heat  release  rate  (unity  equivalence  ratio)  at  very 
high  values  of  loading  parameter  and  whose  lean  blowout  tends  to 
the  lean  flammability  limit  of  the  reactants  at  very  low  values  of 
loading  parameter. 

In  order  to  make  this  comparison  for  practical  gas  turbine 
combustors,  it  is  necessary  to  account  for  the  (combustion) 
redundancy  of  the  dilution  zone  of  such  combustors.  This  is 
because  the  dilution  zone  is  generally  not  involved  in  the 
combustion  process.  In  the  case  of  the  Task  200  generic  combustor, 
the  burning  zone  definition  is  used  to  describe  the  effective  reactor 
portion  of  the  total  combustor. 

In  Sturgess  et  al  (1991c),  it  was  established  that  the  Task  100 
research  combustor,  operating  on  propane  at  near-blowout,  was 
behaving  as  a  well-stirred  reactor.  Therefore,  well-stirred  reactor 
performance  is  represented  by  the  lean  blowout  results  obtained 
(also  using  the  excess  nitrogen  dilution  technique  for  low 
pressures)  in  the  Task  100  combustor. 


The  figure  shows  that  the  generic  combustor  data,  although 
not  well-correlated,  show  no  systematic  variation  with  dome  flow, 
as  they  do  for  example  in  Fig.  20.  For  the  range  of  loading 
parameters  covered,  the  stability  of  the  generic  gas  turbine 
combustor  is  less  than  that  of  the  research  combustor  (W.S.R.). 
The  W.S.R.  reaches  its  peak  heat  release  rate  at  a  loading  of  about 
50  lbm/sec(ft3atmosn)  at  400K  inlet  temperature,  while  the 
primary  zone  of  the  generic  combustor  appears  to  reach  its  peak 
heat  release  rate  at  a  loading  of  roughly  8  to  10  lbm/  sec(ft3atmosn). 
The  W.S.R.  is  asymptotically  tending  to  a  blowout  equivalence 
ratio  of  about  0.5  at  low  values  of  loading,  less  than  1.0 
lbm/sec(ft3atmosn).  The  lean  flammability  limit  for  propane  in  air 
is  about  0.5  at  atmospheric  pressure  and  temperature  (Lewis  and 
von  Elbe,  1987).  Although  the  data  do  not  extend  to  sufficiently 
low  values  of  loading  parameter  for  either  combustor,  it  appears 
from  the  respective  slopes  that  the  two  stability  curves  might  cross 
at  values  of  loading  parameter  less  than  0.1  lbm/sec(ft3atmosn). 
Such  a  crossing  would  imply  better  stability  on  a  bulk  equivalence 
ratio  basis  for  the  generic  combustor  than  the  flammability  limits 
for  the  reactants.  This  can  only  arise  because  of  imperfect  mixing 
of  fuel  and  air  in  the  generic  combustor,  so  that  local  burning  takes 
place  at  other  than  bulk  equivalence  ratios. 
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On  the  evidence  of  the  above  comparison,  it  would  appear 
that  the  primaiy  zone  of  the  generic  combustor  is  behaving  relative 
to  the  W.S.R.,  exactly  as  might  be  expected  from  theory. 

Fig.  22  is  a  repeat  of  Fig.  21,  except  that  only  attached  flame 
data  for  the  generic  combustor  are  presented.  Attached  flame  data 
for  the  20  percent  dome  flow  combustor  case  are  not  extensive 
enough  to  be  worth  including. 


CARS  via  the  windows,  and  reasonably  successful  penetration 
deep  across  the  combustor  is  being  obtained.  The  planar  imaging 
capability  provided  by  the  rig  has  not  yet  been  used,  however. 

The  simulation  of  low  pressures  by  means  of  an  inert  diluent 
(nitrogen)  and  developed  in  the  research  combustor,  has  been 
successfully  carried  over  to  the  generic  combustor.  Lean  blowout 
data  obtained  in  the  generic  combustor  are  consistent,  repeatable 
and  reliable. 
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Fig.  22  Comparison  of  the  Generic  Combustor  Primaiy  Zone 
Stability  with  Attached  Flames  Against  Well -Stirred 
Reactor  Stability 


The  attached  flame  data  are  correlated  extremely  well  and 
give  a  stability  characteristic  for  the  primary  zone  that  is  quite  close 
to  that  for  the  W.S.R.  over  the  range  of  loadings  covered.  The  Task 
200  attached  flame  data  do  not  cover  a  sufficient  range  of  loading 
parameter  to  permit  observations  concerning  peak  heat  release 
rates,  etc.  It  is  not  clear  from  consideration  of  Figs.  21  and  22  of  the 
respective  roles  of  mixing  and  combustion  noise  in  the  stability  of 
lifted  and  attached  flames. 


DISCUSSION 

The  Task  200  generic  combustor  rig  has  achieved  its  major 
design  objectives  of  geometric  flexibility  and  good  optical  access. 
The  separately-metered  and  controlled  air  supplies,  interchange¬ 
able  dome  configurations,  removeable  combustor  liners,  and 
alternative  fuel  injectors,  allow  a  large  number  of  combinations  of 
major  design  variables  to  be  explored.  Aerothermochemical  and 
liquid  fuel  atomization/vaporization  aspects  can  be  addressed 
through  use  of  different  gaseous  and  liquid  fuels.  The  optical 
access  permits  superb  direct  viewing  of  the  flame.  The  complex 
lean  blowout  behavior  observed  could  not  have  been  untangled  to 
the  extent  that  it  has  without  reference  to  flame-visuals.  The 
“instant-replay”  capability  provided  by  the  monitoring  color 
videotapes  formed  valuable  records  and  were  particularly 
important  in  this.  Three-dimensional  temperature  fields  within  the 
operating  combustor  are  being  mapped  (not  reported  here)  with 


The  combustion  behavior  as  lean  blowout  is  approached  at 
simulated  low  pressures  is  extremely  complicated.  It  contains 
quasi-staging  of  the  fuel  as  loading  in  the  combustor  is  increased. 
When  quasi-staging  takes  place,  the  flame  becomes  stabilized  by 
the  combustion  air  jets,  as  well  as  in  the  primary  zone.  When 
jet-stabilization  exists,  the  lean  blowouts  are  insensitive  to  dome 
airflow;  without  it,  blowouts  are  sensitive  to  dome  airflow.  Flame 
changes  from  lifted  to  attached  flames  can  occur,  and  at  given 
loading  either  flame  can  exist,  depending  on  how  the  loading  is 
achieved. 

Common  flow  features  and  behavior  can  be  seen  in  the  Task 
100  research  combustor,  the  Task  150  technology  combustor,  and 
the  Task  200  generic  combustor.  However,  there  is  much  still  to  be 
understood  in  the  generic  combustor  behavior.  This  complicated 
behavior  will  serve  as  a  serious  challenge  when  testing  the  efficacy 
of  lean  blowout  modeling. 

The  blowout  data  can,  in  general,  be  successfully  correlated 
by  the  combustor  loading  parameter  based  on  the  well-stirred 
reactor  approach.  However,  as  a  result  of  the  various  flow  aspects, 
a  universal  correlation  did  not  result.  This  was  not  unexpected. 
Given  the  strong  effects  of  the  combustor  geometric  variables  on 
burning  zone  flow  patterns,  a  simple  phenomenological 
correlation  of  experimental  data  is  most  unlikely  ever  to  be  general 
enough  to  form  a  unique  design  curve  for  lean  blowout  stability 
margin.  The  behavior  of  the  correlated  data  in  Fig.  18  confirms 
that  for  modeling  purposes,  the  classical  representation  (Bragg, 
1953)  of  a  practical  combustor  as  a  single  W.S.R.  followed  by  a 
single  phig-flow  reactor,  does  not  result  in  an  adequate  description 
of  the  combustion  behavior  during  lean  blowout  For  this  reason, 
it  is  essential  to  develop  successful  modeling  techniques  for  lean 
blowout. 

Lean  blowout  is  a  process  that  is  dominated  by  chemical 
reaction  effects.  The  use  of  well-stirred  reactor  modeling  does 
allow  a  convenient  introduction  of  full  chemistry,  whereas  the  cost 
of  this  is  prohibitive  with  a  CFD  code.  The  efficacy  of  the  W.S.R. 
approach  depends  on  how  well  the  chosen  reactor  network  that 
must  replace  the  classical  description  of  a  single  W.S.R.,  represents 
the  real  combustor  under  consideration.  The  CFD  calculation 
itself  (with  rudimentary  chemistry  at  best)  can  be  used  to  establish 
this  network  (Sturgess  et  al ,  1991a).  The  influences  of  turbulence 
on  chemical  reaction  rates  are  stfll  unaccounted  for,  even  with  this 
procedure.  Although  it  is  possible  in  principle  to  extend  the 
method  to  allow  for  unmixed  ness,  using  stochastic  methods,  this 
has  not  yet  been  done. 


CONCLUSIONS 

1.  Experimental  LBO  data  have  been  provided  for  a  generic  gas 
turbine  combustor  over  wide  ranges  of  operating  conditions 
and  can  serve  to  test  modeling  of  the  lean  blowout  process. 
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2.  The  lean  blowout  behavior  of  the  generic  gas  turbine 
combustor  is  much  more  complicated  than  had  been  suspected 
and  would  not  have  been  understood  without  direct  visual 
access  to  the  flame  structure.  According  to  operating 
conditions,  quasi-staging  and  flame  structure  changes  were 
exhibited. 

3.  A  universal  correlation  of  LBO  data,  using  a  well-stirred 
reactor  loading  group,  was  not  obtained  when  the  major 
variables  were  confined  to  total  air  mass  flow  rate,  primary 
zone  air  flow  split,  and  operating  pressure.  Simple  phenomen¬ 
ological  correlations  of  experimental  blowout  data  are  not 
likely  to  be  good  enough  to  serve  as  design  tools  for  stability 
margin  in  a  gas  turbine  combustor.  Some  form  of  blowout 
modeling  will  be  necessary  for  this  purpose. 

4.  The  classic  representation  of  a  gas  turbine  combustor,  as 
consisting  of  a  single  well -stirred  reactor  followed  by  a 
plug-flow  reactor,  is  not  sufficient  to  represent  LBO  behavior. 
If  stirred  reactor  modeling  of  LBO  is  to  be  used,  it  must  consist 
of  a  reactor  network  capable  of  adequately  representing  the 
flow  field  and  fuel  distributions,  and  their  changes  with 
operating  conditions. 
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Abstract 

A  four-injector  representation  of  a  practical 
annular  combustor  has  been  made  in  planar 
configuration  and  tested.  Although  the  desirable  test 
matrix  for  full  understanding  and  description  of  the  lean 
blowout  behavior  of  this  combustor  is  large,  sufficient 
has  been  accomplished  to  present  a  reasonably  complete 
picture  of  this  behavior.  Phenomenological  modeling 
has  been  used  to  order  the  data,  and  provided 
correlation  of  blowout  equivalence  ratios.  Field 
information  for  the  combustor  has  been  provided 
through  isothermal  flow  computational  fluid  dynamic 
calculations,  and  CARS  temperature  measurements  in 
reacting  flow.  The  pictures  of  the  combustor  behavior  at 
blowout  provided  by  these  three  approaches  are 
complimentary,  and  are  remarkably  consistent. 

Introduction 

Combustion  stability  is  extremely  important  in 
gas  turbine  engines  for  aircraft  use.  However,  it  is 
becoming  increasingly  more  difficult  to  ensure  that 
adequate  stability  margins  are  maintained  in  the  future 
because  of  current  design  trends.  These  trends  include 
enhanced  fuel/air  mixing,  via  better  atomization  of  the 
liquid  fuel  in  airblast-type  injectors  for  improved 
temperature  traverse  quality,  high  temperature  rise 
(increased  fuel  turndown  ratio),  and,  low  emissions 
combustors  and  their  associated  technologies.  At  the 
higher  pressure,  higher  temperature  operating 
conditions  of  current  and  projected  engines, 
considerations  of  combustor  durability  demand 
minimum  surface  area  designs,  with  consequent 
tendencies  to  reduce  combustor  volume.  The  potential 
stability  difficulties  due  to  these  trends  are  exacerbated 
by  the  lack  of  a  satisfactory  and  reliable  a  priori 
prediction  procedure  for  lean  blowouts. 


The  majority  of  the  relevant  published  material 
on  flame  stability  is  for  bluff-body  flameholders  of 
various  types  or,  is  for  well-stirred  reactors,  as 
reviewed  by  Lefebvre1.  The  quantity  of  experimental 
data  published  in  the  open  literature  for  practical  gas 
turbine  combustors  is  much  less  extensive,  and 
systematic  investigations  are  largely  lacking,  although 
some  such  work  of  limited  scope  for  can-type 
combustors  is  reported  by  Jeffs^  and  Stewart^.  Almost 
all  of  the  information  on  the  annular-type  of  combustor 
currently  used  for  aircraft  applications  is  confined  to 
relatively  inaccessible  private  company  reports.  The 
information  that  is  available  for  practical  combustors  is 
expressed  in  global  terms,  and  there  are  no  detailed 
interior  flowfield  descriptions  at  near-blowout 
conditions.  The  large  number  of  geometric  and  flow 
variables  encountered  makes  rational  comparison  of  data 
difficult. 

In  1987  the  U.S.  Air  Force  Wright 
Laboratory,  Aero  Propulsion  and  Power  Directorate 
(WL/PO),  established  the  Combustor  Design  Model 
Evaluation  (CDME)  program,  with  the  goal  of 
improving  physical  modeling  to  facilitate  design  work. 
To  address  the  developing  stability  concerns,  the  Air 
Force  under  the  CDME  effort,  initiated  a 
comprehensive  joint  Government,  Industry  and 
University  research  program  aimed  at  improving  the 
design  and  analysis  capabilities  for  flame  stability  and 
lean  blowout  (LBO)  in  the  combustors  of  aircraft  gas 
turbine  engines^. 

The  intent  of  the  stability  research  program  is 
to  investigate,  understand,  and  model  lean  blowout  in 
the  context  of  combustors  of  aircraft  gas  turbine 
engines.  The  approach  adopted  in  this  program  is  a 
step-by-step  one  that  moves  from  gaining  an 
understanding  of  the  basic  flow  behavior  in,  initially,  a 
simplified  environment,  and  then  through  progressively 
more  realistic  situations,  leading  to  a  simplified  version 
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of  a  real  gas  turbine  combustor.  In  order  to  separate  the 
effects  of  liquid  fuel  atomization  and  spray  evaporation 
from  the  aerothermochemical  effects,  it  was  decided  to 
approach  the  LBO  problem  in  two  distinct  stages  - 
initially,  with  gaseous  fuels  (propane  and  methane)  and 
then,  with  liquid  fuels  (ethanol  and  JP8). 

The  experimental  portion  of  the  program 
utilizes  three  combustors  as  test  vehicles  to  achieve  the 
desired  progression  in  flow  complexity.  These 
combustors  consist  of  a  research  combustor5,  a 
technology-development  combustor^  and  a  generic  gas 
turbine  combustor?. 

The  research  combustor  is  simple  in 
configuration,  but  nevertheless,  contains  the  essential 
primary  zone  flow  features  of  a  practical  gas  turbine 
combustor.  The  technology  combustor  incorporates  the 
practical  fuel  injectors  of  the  generic  combustor  into  the 
simplicity  of  the  research  combustor  to  permit  study  of 
their  characteristics  in  isolation.  The  generic  combustor 
is  a  geometrical ly-flexible,  highly-controllable,  yet 
simplified,  four  injector,  planar  version  of  an  annular 
gas  turbine  combustor.  Its  purpose  is  to  provide  an 
experimental  database  against  which  lean  blowout 
modeling  of  various  types  might  be  evaluated  and 
calibrated. 

All  three  combustors  feature  high  optical 
access  to  permit  direct  flame  observation  and  extensive 
use  of  laser  diagnostic  techniques.  They  operate  at 
atmospheric  pressure,  and  utilize  an  excess-nitrogen 
dilution  technique^  to  simulate  the  effects  of  low 
combustion  pressure  on  LBO,  by  slowing  down 
chemical  reaction  rates. 

Modeling  of  the  LBO  process  follows  several 
approaches4.  Conventional  phenomenological  modeling 
was  applied  to  the  research  combustor  to  derive  a 
stability  criterion,  as  was  a  computational  fluid 
dynamics  (CFD)  approach  using  a  finite  rate  chemistry 
model9  and  onel°  using  the  Eddy  Dissipation  Concept 
combustion  model  of  Magnussen 1 1 .  A  hybrid  method 
was  applied  to  the  generic  combustor  using 
conventional  CFD  with  the  Eddy  Break-Up  combustion 
model,  to  establish  a  well-stirred  reactor  network  to 
represent  the  combustor  flowfield,  and  upon  which  the 
detailed  chemistry  is  solved4.  In  addition,  CFD 
calculations  of  the  generic  combustor  are  being  made 
using  finite  rate  chemistry  with  a  reduced  mechanism 
for  propane. 

Some  of  the  results  from  the  research 
combustor  are  presented  in  References  8,  9,  10,  12,  13, 


14,  15;  limited  results  from  the  technology  combustor 
are  given  in  Reference  6,  and  limited  results  from  the 
generic  combustor  are  contained  in  Reference  7 . 

The  more  sophisticated  the  modeling  that  is 
used  in  a  calculation  procedure  to  describe  a 
phenomenon,  the  more  complex  is  the  validation 
process  necessary  for  that  modeling.  If  the  overall 
procedure  utilizes  a  number  of  physical  models,  as  does 
any  CFD-based  approach  for  example,  it  is  not 
sufficient  just  to  validate  these  models  individually.  The 
interactions  of  these  models  when  working  together 
must  also  be  validated.  Furthermore,  given  current 
computer  and  calculation  grid  limitations,  it  is  essential 
that  a  comprehensive  validation  be  made  in  a  geometry 
similar  to  that  of  the  intended  application. 
Unfortunately,  the  number  of  suitable  validation  test 
cases  for  modem  gas  turbine  combustor  applications 
extant  in  the  open  literature  is  extremely  limited; 
Reference  16  is  a  recent  exception.  Cases  with  operating 
parameters  representative  of  lean  blowout  do  not  exist. 

Contribution 

The  intended  purpose  of  the  generic  gas  turbine 
combustor  is  to  provide  an  experimental  database 
against  which  LBO  modeling  might  be  evaluated.  In 
this  context,  a  set  of  temperature  measurements 
obtained  in  reacting  flow  with  suitable  operating 
conditions  is  presented,  together  with  a  description  of 
the  basic  flow  field  in  the  combustor  as  obtained  by 
CFD  calculation.  Together,  these  data  are  used  to 
explain  the  measured  LBO  behavior  of  the  generic 
combustor. 

Generic  Combustor  Rig  and  Test  Facility 

The  generic  combustor  rig  design  was  selected 
to  satisfy  the  following  criteria:  1.)  The  combustor 
should  represent  current  design  practice.  2.)  The 
combustor  geometric  boundary  conditions  should  be 
simple  so  as  to  avoid  introducing  any  grid  restraints  on 
calculation  accuracy.  3.)  The  rig  configuration  should 
permit  high  optical  access  for  flame  visualization  and 
application  of  laser  diagnostics.  4.)  The  rig  design 
should  maximize  geometric  flexibility  and  operating 
condition  controllability  to  permit  extensive  parametric 
studies  of  the  major  combustor  design  parameters. 

The  aerothermodynamic  design  of  the  base 
annular  combustor  was  selected  to  follow  present  Pratt 
&  Whitney  design  practice,  and  it  utilized  airblast- 
atomizing  fuel  injectors  with  integral  air  swirlers, 
together  with  ’‘inside-out*'  recirculation4 *  5>  The 


r 


4 


2 


310 


4 


f 


basic  design  is  embodied  in  an  engine  that  is  currently 
in  regular  airline  service  throughout  the  world.  The 
configuration  adopted  for  the  rig  was  a  four-injector, 
planar-section,  simplified  geometry  version  of  this 
annular  combustor  design. 

The  fundamental  rig  design  to  accommodate 
the  combustor  configuration  was  carried  out  by  United 
Technologies  Research  Center,  with  subsequent 
modifications  made  by  Wright  Laboratory  at  Wright- 
Patterson  Air  Force  Base,  Dayton,  Ohio.  These  Air 
Force  modifications  were  made  to  improve  rig 
handling,  optical  access  and  window  durability.  The 
fuel  injectors  used  were  actual  engine  hardware,  with 
sets  modified,  calibrated  and  individually  balanced  with 
Lee-Jets  to  flow  gaseous  or  liquid  fuels.  Sets  with  two 
swirl  strengths  air  swirlers  were  available.  The 
replaceable  sets  of  combustion  liners  contain  patterns  of 
flush,  circular  air  ports  to  admit  additional  air  into  the 
combustor.  The  port  patterns  were  based  on  engine 
experience.  On  the  shroud-side  of  the  liners  were 
welded  several  longitudinal  I-beams  for  structural 
stiffness  at  high  metal  temperatures. 

The  rig  delivers  separately-metered  air  supplies 
to  the  combustor  dome  and,  the  upper  and  lower 
shrouds  that  feed  the  liners.  These  supplies  were 
isolated  from  each  other  by  means  of  an  upstream  array 
of  sonic  venturis.  The  exits  from  the  combustor  and 
shrouds  are  throttled  by  independent  water-cooled 
valves  that  control  bypass  flows.  The  shroud  bypass 
flows  are  set  to  realistic  values  to  result  in  correct  air  jet 
trajectories  into  the  combustor;  bypass  flows  also 
provide  backside  convective  cooling  of  the  liners. 
Excess  nitrogen,  when  used  for  low  pressure 
simulation,  is  introduced  and  mixed  with  the  main  air 
supply  upstream  of  the  sonic  venturis. 

Major  optical  access  to  the  combustor  volume 
is  provided  by  sidewall  windows  of  fused  quartz.  In 
additon,  direct  vertical  access  can  be  provided  via  a  set 
of  fused  quartz  liners  containing  the  appropriate  pattern 
of  air  ports. 

Fig.  1  gives  a  cross-sectioned  elevation  of  the 
rig,  that  shows  the  major  features  described.  Complete 
details  of  the  combustor  and  rig,  including  leading 
dimensions,  are  given  in  Ref.  7. 

The  rig  was  mounted  horizontally  in  a  test  cell 
(Room  20)  of  Wright  Laboratory.  The  cell  provides 
metering  and  control  of  air,  fuel  (gaseous  propane), 
excess  (gaseous)  nitrogen,  and  cooling  water  to  the 
combustor  rig;  gaseous  hydrogen  and  separate  air  for 


the  combustor  torch  ignitor  are  also  provided.  The 
discharge  from  the  rig  enters  an  atmospheric  pressure 
exhaust  duct,  and  exits  the  facility  to  ambient 
conditions.  Mounted  under  and  on  either  side  of  the  rig 
test  section  is  a  hardened  CARS  system.  The  facility  is 
also  described  in  more  detail  in  Ref.  7. 


Fig.  1:  Cross-section  of  the  Generic  Combustor 


The  planar  configuration  adopted  for  the 
combustor  represents  a  compromise  between  realism 
and,  optical  access  and  simplicity.  Jet  flows  into  the  rig 
combustor  from  the  upper  and  lower  shrouds  via  the 
liners  will  be  into  respective  cross-sectional  areas  that 
are  different  from  those  of  a  real  annular  combustor  due 
to  the  absence  of  wall  circumferential  curvatures. 
However,  the  rig  upper  and  lower  (planar)  liners  have 
identical  hole  sizes  and  patterns,  just  as  they  would 
have  in  the  real  outer  and  inner  circular  cross-section 
liners.  Therefore,  air  jet  penetration  and  jet  lateral 
spreading  will  be  slightly  different  in  the  rig  from  what 
they  would  be  in  the  equivalent  annular  combustor.  The 
resulting  net  blockage,  and  its  radial  distribution  across 
the  combustor  height,  for  the  gases  exiting  primary 
zones  will  also  be  different.  This  will  exert  some  second 
order  influence  on  flame  stability,  but,  based  on 
experience,  this  is  not  as  serious  for  LBO  as  it  is  for 
some  other  aspects  of  combustor  performance. 

Lean  Blowout  Characteristics 

The  lean  blowout  characteristics  of  the  generic 
combustor  when  operating  on  gaseous  propane  as  fuel 
are  described  in  Ref.  7.  They  are  complex,  and  would 
have  been  difficult  to  understand  with  direct 
observations  of  flame  behavior  over  the  range  of 
combustor  loadings  at  which  blowouts  were  obtained. 

Combustor  loading  was  set  by  air  mass  flow 
rate,  (determining  residence  time)  and  the  quantity  of 
excess  nitrogen  that  was  introduced  (determining  the 
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simulated  low  pressure);  air  inlet  temperature  and 
combustor  actual  pressure  were  constant  at  ambient 
values.  Blowouts  were  obtained  by  incrementally 
reducing  fuel  mass  flow  rate  at  fixed  loading,  with 
thermal  stability  being  re-established  after  each 
successive  fuel  decrement.  This  was  continued  until 
flame  extinction  took  place. 

The  equivalence  ratios  at  LBO  were  correlated 
by  a  generalized  form  of  the  Kretschmer  &  Odgersl7 
combustor  loading  parameter  LP,  defined  in  Ref.  7  as, 


The  LBO  behavior  shown  in  Fig.  2  exhibits  an 
initial  region  of  continuous  but  slow  loss  of  stability  at 
low  and  moderate  values  of  combustor  loading, 
followed  at  higher  loadings  (where  values  greater  than 
1 0  Ibm  I  see.  {ft  ^atmos.”  )  are  reached)  by  a  region  of 
discontinuous  behavior,  where  there  are  sudden  losses 
in  stability  followed  by  recoveries  and  subsequent 
losses.  This  saw-tooth  pattern  of  behavior  has  a  net  loss 
of  stability  that  becomes  increasingly  severe  as  loading 
increases.  A  condition  of  peak  heat  release  rate  is  not 
reached  in  these  results. 


LP  = 


"hot 

VPnF 


where, 

tiifot  =  nif  +ma  +mN  2  torn  /  sec. 

riiy  =  fuel  mass  flow  rate 

tha  =  air  mass  flow  rat 

mN2  =  excess  nitrogen  mass  flow  rat 

=  reactor  volume ,  fl 3 
P  -  combustion  pressure ,  atmos. 
n  =  2<f>LBO  /  (I  l Mai) 

apparent  global  reactionorder 
.✓*0  001437' 

F  = -  ( to  correct  to  400  K ) 

3.72  .  . 

T  =  inlet  temperature,  K 

This  definition  of  loading  parameter  derives  from 
phenomenological  modeling  that  considers  the  flame¬ 
holding  region  of  the  combustor  as  a  well-stirred 
reactor7.  It  may  be  applied  on  a  global  basis  to  the 
whole  combustor  (including  the  redundancy  of  the 
dilution  zone),  or,  to  a  local  burning  zone  within  the 
combustor. 

Figure  2  illustrates  the  lean  stability 
characteristic  for  a  configuration  where  10  percent  of 
the  total  combustor  airflow  is  introduced  through  the 
combustor  dome.  The  dome  airflow  consists  of  the  sum 
of  fuel  injector,  insert  swirler  (  a  smoke-control 
device! 8  surrounding  each  fuel  injector  and  consisting 
of  a  ring  of  small  circular  ports  each  with  a  compound 
angle  to  the  injector  centerline),  and  dome  cooling 
airflows7.  The  appropriate  volume  is  here  based  on  the 
total  for  the  combustor,  and  the  equivalence  ratio  at 
blowout  is  an  overall  one  involving  the  total  fuel  flow 
and  all  of  the  combustor  airflow.  This  is  the  usual 
definition  for  this  quantity  as  used  in  combustor/engine 
development. 


PROPANE 

DOME  FLOW  *  10%  Wab 


Overall  Combuslor  Loading 


Fig.  2:  Correlated  LBO  Data  for 
10%  Dome  Flow  Combustor,  Showing 
Different  Flame  Stabilization  Modes 

Flame  observations  confirmed  conclusions 
based  on  estimates  of  local  equivalence  ratios,  that  up  to 
a  loading  of  10  Ibm l  sec.( ft1  atmos" ) ,  flame  was 
stabilized  in  the  volume  between  the  fuel  injector 
discharges  and  the  plane  of  the  first  row  of  combustion 
air  jets,  (commonly  known  as  the  "primary  zone")  and 
involved  shear  layer  burning  of  fuel  in  the  individual 
insert  air  jets  surrounding  each  fuel  injector.  For  the 
higher  loadings  (achieved  by  increasing  excess  nitrogen 
while  essentially  maintaining  residence  time  through 
constant  airflow),  there  can  be  insufficient  oxygen  to 
allow  complete  burning  in  this  upstream  position,  so 
flame  expands  downstream  to  become  anchored  on  the 
first  tranverse  row  of  combustion  air  jets.  Eventually,  at 
yet  higher  loadings  achieved  with  additional  excess 
nitrogen,  the  flame  expands  even  further  downstream  to 
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become  anchored  on  the  second  row  of  combustion  air 
jets. 
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It  is  this  progressive  growth  of  the  flame  with 
increasing  combustor  loading,  resulting  in  different 
methods  and  positions  of  flame  holding,  that  gives  the 
saw-tooth  stability  characteristic  since  the  flame 
behavior  as  blowout  is  approached  is  different  for  each 
burning  mode.  LBO  curves  of  this  general  character 
have  been  observed  in  other  practical  combustors,  e.g. 
Ref.  4,  where  the  reason  for  the  behavior  could  only  be 
speculated. 

When  the  percentage  of  total  combustor  airflow 
introduced  through  the  dome  is  increased,  the  saw-tooth 
stability  behavior  of  overall  LBO  equivalence  ratio  is 
not  encountered  until  much  higher  combustor  loadings. 
This  is  because  the  local  equivalence  ratios  in  the 
primary  zone  do  not  approach  unity  until  the  higher 
loadings,  by  virtue  of  the  additional  dome  air. 

Figure  3  illustrates  this  behavior  for  10  and  20 
percent  dome  airflow  combustor  configurations.  The 
term  "burning  zone"  is  now  used  to  account  for  the 
expanding  flame  as  equivalent  pressure  is  reduced. 
Thus,  "burning  zone  equivalence  ratio"  is  based  on  the 
total  fuel  flow  and  the  airflow  associated  with  the  axial 
extent  of  the  visible  flame  in  the  combustor;  the  volume 
term  in  the  loading  parameter  is  determined  similarly. 
The  vertical  dashed  lines  mark  the  appropriate 
equivalent  pressures  for  each  dome  flow  at  which  the 
primary  zone  reaches  unity  equivalence  ratio.  Values  to 
the  left  of  these  lines  represent  equivalent  pressures 
where  the  primary  zone  is  over-rich,  and  the  flame 
consequently  extends  beyond  the  primary  zone. 

The  lines  shown  on  the  figure  for  10  and  20  percent 
dome  flows  are  curve  fits  to  the  data  that  are  forced  to 
intersect  the  combined  (linear)  data  fit  line  at  the 
respective  values  of  equivalent  pressure  for  which  the 
primary  zone  equivalence  ratio  reaches  unity.  When  the 
flame  is  anchored  by  the  jets,  the  stability  becomes 
independent  of  dome  flow,  as  the  correlated  data  show. 

While  the  flame  is  stabilized  in  the  primary  zone, 
the  effect  of  reducing  pressure  is  to  increase  the  burning 
zone  blowout  equivalence  ratio.  When  the  flame 
becomes  stabilized  on  the  transverse  air  jets,  more  air  is 
involved  even  through  fuel  flow  at  blowout  is 
increasing  as  pressure  falls;  therefore,  the  (extended) 
burning  zone  equivalence  ratio  at  blowout  falls. 


BURNING  ZONE  AIRFLOW  =  0.1  lbm/sec. 
EQUIV.  RATIOS  CORRECTED  TO  ZERO 
EXCESS  N2  RESIDENCE  TIMES 


Fig.  3:  Illustration  of  Change  in  Stability 
with  Different  Types  of  Flame  Holding 


The  main  flame  structure  in  the  primary  zone  for 
the  10  percent  dome  air  configuration  is  characterized  as 
being  "lifted"  for  loadings  less  than 
\0  Ibml sec.(ft3atmosn ).  A  "lifted  flame"  was  the 
normal  operating  mode,  and  was  one  where  visual  flame 
was  distributed  rather  widely  over  the  primary  zone.  It 
is  associated  with  the  flame  being  anchored  in  the  shear 
layers  associated  with  the  individual  insert  swirler  air 
jets  surrounding  each  fuel  injector. 

At  higher  primary  zone  absolute  airflows,  and  for 
lower  primary  zone  equivalence  ratios,  the  visual  flame 
becomes  distinctly  attached  in  tight  conical  form  to  the 
fuel  injectors.  This  is  referred  to  as  an  "attached  flame." 
Figure  4  illustrates  the  occurrence  of  this  for  the  15 
percent  dome  flow  combustor.  In  this  condition  there  is 
sufficient  air  available  for  combustion  to  be  associated 
with  the  shear  layers  formed  between  the  swirling 
annulus  of  fuel  introduced  by  the  injector  and  the 
swirling  air  from  the  integral  outer  air  swirler.  As  will 
be  shown,  the  additional  air  comes  from  the  first  row  of 
combustion  air  jets  as  well  as  the  increased  injector  air. 
An  attached  flame  condition  is  acoustically  quieter  than 
a  lifted  flame  condition. 
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DOME  FLOW  =  15  %  Wab 


Fig.  4:  Delineation  of  Lifted  and  Attached 
Flames  at  Atmospheric  Pressure 

A  given  combustor  loading  in  this  rig  can  be 
obtained  in  two  ways:  1.)  low  or  zero  excess  nitrogen 
together  with  high  airflow,  or,  2.)  low  airflow  together 
with  high  excess  nitrogen.  Therefore,  at  given 
combustor  loading,  the  flame  structure  may  be  either 
lifted  or  attached,  depending  on  how  the  loading  is 
achieved.  Therefore,  since  the  flame  holding  can  be 
different  according  to  the  flame  structure,  two  stability 
curves  at  a  given  percentage  dome  flow  are  possible  for 
primary  zone-anchored  flames.  Fig.  5  demonstrates  this 
for  the  10  percent  dome  flow  combustor,  where  it  can 
be  seen  that  the  attached  flame,  in  addition  to  being 
quieter,  also  has  better  stability  than  the  lifted  flame. 

CFD  Calculations  of  Flowfield 

Direct  observations  of  the  flame  structure  and  the 
LBO  behavior  described  above  and  in  Ref.  7,  indicated 
that  interactions  of  the  swirling  fuel/air  jets  issuing 
axially  into  the  combustor  from  the  fuel  injectors  with 
the  transverse  jets  of  combustion  air  introduced  through 
the  liners,  are  extremely  important  in  this  design  of 
combustor.  To  better  understand  these  interactions, 
computational  fluid  dynamics  (CFD)  calculations  of  the 
flow  field  were  made. 

The  CFD  calculations  were  made  using  the 
NASTAR*9  stationary-state  solution  computer  code. 
The  combustor  configuration  was  represented  as  a 
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Burning  Zone  Loading  Parameter 


Fig.  5:  Correlated  LBO  Data  with 

Primary  Zone  Burning,  Showing  Improved 
Stability  for  Attached  Flames 

(repeating)  single  fuel  injector  segment,  to  which 
periodic  boundary  conditions  were  applied  on  the  lateral 
sides.  The  calculation  domain  was  filled  by  a  109  x  53 
x  49  (283,073  nodes)  body-fitted  grid;  grid  independent 
solutions  are  not  claimed  however,  even  with  this  nodal 
density.  The  operating  conditions  for  the  calculation 
were  an  air  temperature  of  304K  and  the  combstor 
pressure  was  14.31  psia.  The  combustor  total  airflow 
was  0.1716  Ibm/sec.,  with  flow  splits  of  15  percent 
dome  flow,  upper  liner  42.41  percent  and  lower  liner 
42.56  percent.  Liner  flows  were  introduced  as 
individual  jets,  according  to  the  hole  patterns  and 
effective  areas  given  in  Ref.  7. 

The  calculation  was  made  for  isothermal  flow  to 
avoid  questions  concerning  the  suitability  of  various 
combustion  models  for  these  operating  conditions.  Air 
was  the  sole  fluid  used.  This  is  considered  as  acceptable 
since  the  major  flow  features  in  the  combustor  will  not 
be  significantly  modified  by  the  heat  release  associated 
with  combustion  at  near-blowout  conditions. 

Fig.  6  shows  calculated  iso-surfaces  of  mean  axial 
velocity  at  fixed  velocity  of,  for  reference  purposes, 
magnitude  1.  This  figure  conveys  a  good  three- 
dimensional  impression  of  the  flow  field  existing  in  the 
combustor.  Immediately  identifiable,  from  the  front  of 
the  combustor,  are  the  axial  swirling  jet  from  the 
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Fig.  6:  Isothermal  CFD  Calculation  with  Iso-Surfaces  of  Mean  Axial  Velocity 
at  Level  1  Magnitude,  Showing  Swirling  Jet  from  Fuel  Injector  with 
Lobate  Formation  at  First  Row  Combustion  Air  Jets 


airblast  fuel  injector,  the  individual  insert  swirler  jets 
(surrounding  the  fuel  injector  and  with  zero  relative 
swirl  in  this  instance,  and  zero  angle  relative  to  the 
injector  discharge  centerline),  the  first  row  of 
combustion  air  jets  as  opposed  pairs  on  either  side  of, 
and  inline  with,  the  fuel  injector  jet,  the  second  row  of 
liner  air  jets  as  larger  diameter,  opposed  pairs  that  are 
laterally  disposed  between  the  first  row  jets,  and  so  on, 
along  the  combustor.  Note  that  the  effects  of  shroud 
bypass  flows  on  liner  jet  initial  angles  are  accounted  for 
in  the  calculation  (as  a  boundary  condition,  calculated 
separately  from  phenomenological  modeling).  The  spent 
dome  impingement  cooling  air  is  discharged  axially  as  a 
liner  cooling  film  at  the  upper  and  lower  liner/dome 
interfaces. 

The  insert  swirler  jets  act  to  prevent  the  weakly- 
swirling  jet  leaving  the  fuel  injector  from  spreading 
much  radially.  It  can  be  seen  that  the  first  row  air  jets 
penetrate  to  the  combustor  horizontal  centerline  before 
completing  their  turn  to  flow  axially  downstream. 

The  lateral  spreading  of  the  combustion  air  jets 
resulting  from  their  high  penetration  and  resulting 
collision  can  be  seen  in  Fig.  7,  where  Level  2  velocity 
is  less  than  Level  1  velocity  in  Fig.  6.  The  view  in 


Fig.  7  is  from  the  top  of  the  combustor,  with  the  upper 
liner  removed  for  clarity.  As  in  Fig.  6,  the  bounds  of 
the  calculation  domain  that  are  physical  wall  are  shown 
by  means  of  the  calculation  grid  projected  onto  these 
surfaces. 

The  consequential  blockage  to  primary  zone  flow 
represented  by  the  colliding  combustion  air  jets  causes 
the  coherent  swirling  jet  from  the  airblast  fuel  injector 
to  divide  into  two,  diagonally-opposed  lobes  in  order  to 
escape  from  the  combustor  primary  zone.  The  asymetric 
splitting  of  the  fuel  injector  jet  into  two  lobes  is  due  to 
the  swirl  velocity  component  that  this  jet  contains. 

Figs.  8  and  9  respectively  show  contour  plots  of 
mean  axial  velocities  on  vertical  planes  inline  with,  and 
between,  the  fuel  injectors;  the  plots  reveal  the  regions 
of  flow  reversal  (shown  as  hatched  areas). 

Note  that  the  blockage  of  the  pair  of  combustion  air 
jets  inline  with  the  injector  produces  reverse  flow  in  the 
center  of  the  fuel  injector  jet  as  it  begins  to  split  into 
lobes,  and  that  this  causes  diagonally-opposed  lateral 
flows  of  combined  combustion  jet  air  and  injector  fluid 
into  the  regions  between  fuel  injectors.  Thus,  the  major 
recirculation  zones  are  between  injectors,  with  smaller 
recirculation  zones  in  the  injector  plane  that  are  placed 
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Fig.  7:  Vertical  View  of  Isothermal  CFD  Calculation 
with  Iso-Surfaces  of  Mean  Axial  Velocity  at  Level  2 
Magnitude,  Showing  Lateral  Spreading  of  Colliding 
Transverse  Combustion  Air  Jets 


Fig.  8:  Section  Through  Fuel  Injector  with 
Calculated  Iso-Vels  of  Mean  Axial  Velocities 
Showing  Reverse  Flow  Regions 
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Fig.  9:  Section  Out  of  Fuel  Injector  Plane  with 
Iso-Vels  of  Calculated  Mean  Axial  Velocities, 
Showing  Reverse  Flow  Regioas 

radially  about  the  injector  jets,  outboard  of  the  insert 
swirler  jets.  Further  regions  of  reverse  flow  exist  in  the 
wake  structures  downstream  of  the  first  row  combustion 
air  jets  and,  upstream  and  downstream  of  the  second 
row  of  combustion  air  jets. 

The  isothermal  flow  CFD  calculations  confirm  that 
the  swirling  jet  of  fluid  from  the  fuel  injector  is  closely 
coupled  with  the  first  row  of  opposed  combustion  air 
jets.  The  swirling  jets  from  the  fuel  injectors  are 
sufficiently  confined  by  their  surrounding  insert  swirler 
air  jets  that  fuel  does  not  have  much  opportunity  for 
spreading  radially  prior  to  reaching  the  combustion  air 
jets.  The  combustion  air  jet  system  establishes  ample 
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regions  of  reverse  flow  to  provide  jet  flameholding  if 
supplied  with  suitable  fuel/air  mixture. 

Test  Conditioas  for  Temperature  Measurements 

As  indicated  above,  the  normal  operating  mode  of 
the  combustor  was  a  lifted  flame.  However,  the  attached 
flame  was  interesting  because  of  its  quiet  operation  and 
improved  stability  (Fig.  5).  It  was  therefore  decided  to 
make  the  temperature  measurements  to  also  include  this 
condition. 

The  more  typical  engine  combustor  dome  flow  was 
the  15  percent  case,  so  this  was  selected  for  the 
temperature  measurements.  Fig.  4  was  used  to 
determine  the  attached  flame  operating  point.  The  total 
combustor  airflow  (all  four  injectors)  was  0.7383 
Ibm/sec.,  with  a  primary  zone  airflow  of  0.1422 
Ibm/sec.  (see  Ref.  7  for  detailed  calculation 
information);  there  was  no  excess  nitrogen  used,  and 
the  fuel  was  gaseous  propane.  The  normal  lifted  flame 
became  an  attached  flame  at  0.69  primary  zone 
equivalence  ratio,  and  the  combustor  blew  out  for  this 
airflow  at  just  less  than  0.60  equivalence  ratio. 
Measurements  were  taken  for  a  propane  flow  rate  of 
0.35  lbm/min.  The  combustor  loading  for  these 
conditions  was  a  low  one  so  that  the  attached  flame 
holding  is  confined  to  the  primary  zone. 

CARS  System 

Temperature  measurements  in  the  combustor  were 
performed  using  Coherent  Anti-Stokes  Raman 
Spectroscopy  (CARS);  the  CARS  system  is  described  in 
detail  by  Switzer  &  Goss^O.  it  is  based  on  a  frequency- 
doubled  Nd:YAG  laser  that  provides  8  nano-second 
pulses  at  532  nano-meters  wavelength  with  a  repetition 
rate  of  10  hertz,  and,  a  broadband  dye  laser  that  is 
tuned  to  the  Stokes  vibrational  frequency  of  the  nitrogen 
molecule.  The  system  is  configured  to  employ  a  folded 
BOXCARS  optical  geometry^l  with  a  50  cm  focal 
length  focussing  lens.  This  combination  yields  a 
sampled  spatial  probe  volume  of  about  1  mm3 ,  with  the 
CARS  information  being  generated  within  a  path-length 
of  2  mm.  The  anti-Stokes  signal  produced  within  the 
probe  volume  is  collected  and  directed  into  a 
spectrometer  where  its  spectral  content  is  dispersed; 
signal  detection  is  then  accomplished  with  a  gate-diode 
array  detector  which  allows  single-shot  temperature 
determination  from  the  Q-branch  spectrum  of  nitrogen. 

The  accuracy  of  the  CARS  temperature 
determination  made  in  this  manner  is  estimated  to  range 


between  10  percent  at  near-room  temperatures  and  5 
percent  at  near-stoichiometric  flame  temperatures,  with 
the  largest  contribution  to  uncertainty  resulting  from 
shot-to-shot  variation  in  the  Stokes-Iaser  spectral 
distribution. 

Four  important  combustion-diagnostic  parameters 
are  determined  from  the  CARS  data.  Temperature 
means,  fluctuations  about  the  mean,  probability 
distribution  functions  (pdfs),  and  the  ratio  of  standard 
deviation  of  the  distribution  of  temperature  to  the  mean 
temperature,  were  obtained  from  instantaneous 
temperatures  obtained  in  populations  ranging  from  1250 
to  2000  at  each  measurement  location. 

Data  repeatability  is  a  difficult  issue  to  resolve 
satisfactorily.  It  takes  considerable  elapsed  time  to 
acquire  adequate  data  for  extensive  mapping.  In  this 
situation,  repeatability  is  not  determined  by  the  CARS 
system,  but  by  the  constancy  of  the  combustor  air  and 
fuel  flows,  and  the  precision  with  which  a  selected 
operating  condition  can  be  set  and  held.  Both  the  fuel 
and  air  flows  are  continuously  monitored  and  are 
electronically  controlled  to  within  5  percent. 

Measurement  Considerations 

The  most  desirable  region  to  take  detailed  field 
measurements  in  this  planar  combustor  is  about  the  rig 
centerline,  i.e.  with  two  injectors  on  either  side.  This 
would  result  in  minimum  effect  on  the  data  due  to  the 
unwanted  presence  of  the  rig  side-walls.  However,  use 
of  this  central  region  would  necessitate  that  the  laser 
beams  traverse  the  maximum  width  of  the  combustor. 
Initial  measurements  made  along  this  path,  as  feared, 
gave  unreliable  results  because  of  insufficient  CARS 
signal  strength.  The  lack  of  signal  was  found  to  be  the 
result  of  turbulent  beam-steering  as  the  laser  beams 
passed  through  the  flows  associated  with  the  near-pair 
of  fuel  injectors.  The  beam-steering  was  sufficient  to 
prevent  the  essential  overlap  of  the  CARS  pump  and 
Stokes  beams,  (Fig.  10). 

This  problem  was  avoided  in  subsequent 
measurements  by  defining  a  measurement  grid  that 
extended  through  the  first  and  second  near-pair  of 
injectors,  and  terminated  at  the  line  of  local  symmetry 
between  the  second  and  third  injectors.  This  assumes 
that  the  flow  field  is  identical  on  either  side  of  this  line 
of  symmetry.  It  also  supposes  that  data  from  the  first 
injector,  nearest  to  the  side-wall,  might  have  to  be 
rejected  due  to  side-wall  effects.  This  indeed  was  found 
to  be  the  case. 
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laser  beam  aligning,  and  start-up  procedures,  when 
attempting  such  measurements! 


Fig.  10:  Layout  of  CARS  Optical  Path 
in  BOXCARS  Configuration 

A  further  consideration  that  influenced  the 
determination  of  the  measurement  grid  locations  was  the 
potential  for  damage  to  the  optical  windows  by  the  laser 
beams.  Initially,  holes  were  burned  in  the  combustor 
windows  by  the  beams.  To  ensure  that  the  high 
intensity  laser  beam  focus  would  be  a  safe  distance  from 
the  admitting  windows,  the  sample  region  was  restricted 
to  a  maximum  distance  of  11  cm  from  the  combustor 
symmetiy  line,  towards  the  sidewall. 

With  these  two  constraints  to  the  possible 
measurement  grid,  a  horizontal  plane  through  the 
centerline  of  all  four  injectors  (y  =  0  cm)  was  selected. 
This  plane  extended  transversely  across  the  combustor 
from  the  axis  of  symmetry  (x  =  0  cm)  to  1 1  cm 
towards  the  near-side  combustor  wall.  It  extended 
axially  (z  axis)  from  1  -  15  cm  downstream  from  the 
combustor  dome.  This  area  was  covered  with  a  1  cm 
square  measurement  grid.  An  additional,  smaller, 
transverse  grid  was  applied  normal  to  the  horizontal 
grid  at  z  =  5  cm,  approximating  the  position  of  the  first 
row  of  combustion  air  jets.  The  width  of  this  vertical 
plane  extended  from  x  —  0  cm  to  x  =  7  cm;  thus,  the 
second  fuel  injector  centerline  was  located  near  its 
center.  Again,  a  1  cm  square  grid  covered  the  region  of 
this  plane  for  3  cm  above  and  below  the  horizontal 
plane. 

A  caution  is  appropriate.  As  was  unfortunately 
learned,  the  focussed  laser  beams  contained  sufficient 
energy  to  serve  as  an  ignition  source  for  flammable 
mixture  in  the  combustor.  Attention  is  necessary 
therefore,  in  sequencing  purging  system  on  shut-down, 


Temperature  Fields 

It  was  found  that  the  major  effect  of  the  rig 
side-walls  on  the  flow  and  temperature  fields  in  the 
combustor  was  through  their  effects  on  the  shroud 
flows.  The  combination  of  the  structural-support  I- 
beams  on  the  shroud-sides  of  the  liners,  and  the 
presence  of  the  rig  side-walls,  reduced  the  local 
velocities  in  the  shroud  flows  near  the  walls 
significantly  from  the  mean  values.  This  in  turn 
increased  the  initial  trajectory  angles  of  all  the 
combustion  and  dilution  air  jets  nearest  to  the  walls. 
For  example,  on  the  combustor  horizontal  center-plane, 
the  center  of  the  first  row  air  jet  is  only  displaced 
downstream  by  one  port  diameter,  compared  to  three  to 
four  port  diameters  for  the  jets  away  from  the  side- 
walls. 

In  the  primary  zone,  the  steeper  angles  of  the 
first  row  air  jets  near  the  side-walls  resulted  in  the 
reverse  flow  region  at  the  impact  plane  of  these  jets 
(Fig.  S)  exerting  more  influence  on  the  axial  jets  of 
fuel/air  mixture  from  the  fuel  injectors  (Nos.  1  and  4) 
nearest  the  side-walls.  The  lobe  formation  (Fig.  6)  takes 
place  earlier,  and  is  more  effective  in  recirculating 
combustion  jet  air  forward  into  the  fuel  injector  jet. 
Consequently,  the  combustion  region  of  highest 
temperatures  (1500K)  is  pushed  upstream,  well  inside 
the  swirling  fuel/air  jet.  In  turn,  this  increases  the 
temperature  of  the  hot  gases  recirculated  back  to  the 
combustor  dome  between  injectors  number  1  and  2, 
and,  4  and  3.  The  temperatures  at  the  dome  are  about 
1250K  versus  1 150-1200K  between  injectors  2  and  3. 

With  the  spurious,  side-wall  affected,  data 
removed  from  consideration,  only  the  field  between  the 
centers  of  injectors  2  and  3  can  be  considered  as  being 
reasonably  representative  of  the  real  combustor. 
Discussion  of  the  temperature  field  is  therefore  confined 
to  this  region  of  measurements  only. 

Fig.  1 1  shows  the  measured  mean  isotherms  on 
the  horizontal  (on  the  left  of  the  figure)  and  vertical  (on 
the  right  of  the  figure)  cross-sectional  planes,  placed 
with 
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Fig.  11:  Isotherms  Representing  Measured  Mean  Temperatures  on  Central 
Horizontal  Plane  and  a  Vertical  Plane  5  cm  Downstream, 
Together  with  PDF's  for  the  Horizontal  Plane  Temperatures 


the  horizontal  center  of  the  vertical  plane  at  its  correct 
downstream  position  (just  downstream  of  the  first  row 
of  air  jets)  and  the  vertical  center  correctly  aligned  with 
an  injector  centerline.  The  vertical  plane  is  viewed  from 
the  rear  of  the  combustor.  Super-imposed  on  the 
horizontal  plane  are  the  temperature  pdfs  at  each 
measurement  point  in  the  plane.  Note  that  the  measured 
data  in  the  horizontal  plane  for  the  right-hand  side  of 
injector  No.  2  have  been  flipped  to  the  left-hand  side 
also.  The  symmetrical  image  so-formed  makes  it  easier 
to  understand  the  temperature  field  for  a  single, 
representative  injector.  While  this  is  convenient,  it 
should  be  remembered  that  the  effects  of  swirl  introduce 
some  asymmetries  in  reality.  For  this  particular  set  of 


fuel  injectors  the  effective  swirl  strength  is  low,  so  that 
any  asymmetries  would  not  be  especially  large.  The 
data  in  the  vertical  plane  are  not  flipped. 

On  the  horizontal  plane  the  peak  gas 
temperatures  of  around  1500K  are  reached  inline  with 
the  fuel  injectors  at  5  -  6  cm  downstream,  and  are 
clearly  associated  with  the  region  of  recirculating  flow 
(Fig.  8)  in  the  center  of  the  combustor  just  upstream  of 
the  colliding  opposed  jets  of  the  first  row  combustion 
air. 

In  the  vertical  plane  one  of  the  diagonally- 
opposed  lobes  (Fig.  6)  formed  by  the  splitting  fuel 
injector  jet  can  be  identified  as  being  a  region  of  high 
temperature  (about  1350  -  HOOK).  Regions  of  high 
temperature  (about  1300K)  move  laterally  at  mid- 
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combustor  height  following  the  spreading  due  to  jet 
impact  (Fig.  7).  It  should  be  noted  that,  inline  with  the 
injectors,  the  penetration  of  the  lower  combustion  air  jet 
is  not  so  evident  as  that  for  the  upper  air  jet  in  this  (z  = 
5  cm)  plane.  This  indicates  different  jet  penetrations, 
top  to  bottom  of  the  combustor.  It  can  also  be  observed 
that  between  injectors  both  combustion  air  jets  can  be 
seen  at  this  plane,  but  again,  the  lower  jet  appears  to 
have  lesser  penetration  than  the  upper  one. 

Note  the  downstream  displacement  of 
temperature  events  on  the  central  horizontal  plane  at  the 
position  of  the  first  row  of  air  ports  due  to  the  initial  jet 
trajectory  angles  not  being  normal  to  the  liner  surfaces. 
The  hot  gases  moved  laterally  from  inline  with  the 
injectors  enter  the  reverse  flow  region  between 
injectors,  (Figs.  11,  6  and  9),  and,  are  mixed  with  jet 
air  and  recirculated  back  upstream  to  the  combustor 
dome  at  temperatures  about  1150  -  1200K. 

Temperatures  downstream  of  the  first  row  of 
combustion  air  jets  are  fairly  uniform  on  the  central 
horizontal  plane  at  1000  -  1200K,  until  the  second  row 
of  combustion  air  jets  is  encountered.  Combustion  is 
essentially  over  on  the  center  plane  when  the  second 
row  of  combustion  air  jets  is  added,  with  temperatures 
falling  to  less  than  800K.  This  is  the  dilution  zone  of 
the  combustor,  and  was  referred  to  earlier  in  connection 
with  the  definition  of  loading  parameter,  as  "redundant" 
at  LBO  conditions.  The  reason  for  this  description  is 
now  apparent.  At  higher  values  of  combustor  loading, 
when  the  flame  region  expands  beyond  the  primary 
zone,  some  of  this  redundancy  is  lost. 

The  flow  from  the  injectors  is  initially  cold  at 
inlet  temperatures.  Temperature  increases  radially 
outwards  from  the  injector  centerlines  as  the  insert 
swirler  jets  entrain  the  hot  gases  recirculated  to  the 
dome  from  downstream.  By  2  cm  downstream  the  local 
temperatures  in  these  jets  is  about  750  -  800K.  By  2  -  3 
cm  downstream,  temperature  rise  is  evident  on  the 
centerline  of  the  jets  issuing  from  the  fuel  injectors. 
This  is  clearly  induced  by  the  lobe-splitting  of  this  jet 
due  to  the  central  reverse  flow  from  the  first  row 
combustion  air  jets,  and  does  not  propagate  from  the 
peripheral  shear  layers  associated  with  the  insert  swirler 
jets. 

At  the  conditions  for  this  test  the  equivalence 
ratio  of  the  flow  emerging  from  the  fuel  injector  is 
1.488,  and  with  account  of  all  the  insert  swirler  air  it 
would  fall  to  1.159.  All  of  the  insert  air  could  not  be 
involved  in  any  case,  so  the  additional  air  for 


combustion  has  to  be  provided  by  the  reverse  flow  of 
combustion  jet  air.  If  this  is  so,  then  the  reverse  flow  of 
combustion  air  penetrates  forwards  of  the  order  of  2  -  3 
cm  on  the  centerline  of  the  injector  jet.  It  is  most 
probably  this  penetration  that  gives  the  attached  flame 
its  conical  shape,  by  introducing  a  radial  velocity 
component  into  the  injector  jet.  The  CFD  velocity 
vector  results  (not  shown)  confirm  this. 

The  average  of  the  mean  temperature  levels  in 
the  downstream  regions  of  the  measured  horizontal  field 
indicate  that  if  they  are  typical  of  the  complete  exit 
plane  from  the  combustor,  then  the  upstream 
combustion  efficiency  is  far  from  100  percent.  This  is 
not  too  surprizing  at  these  operating  conditions. 

Consideration  of  the  temperature  pdf  s  reveals 
behavior  that  is  not  unexpected.  In  the  injector  fuei/air 
jet  region  the  probabilities  are  skewed  towards  the 
lower  inlet  temperature,  with  evidence  of  intermittency 
towards  the  jet  edges.  In  the  downstream  region  where 
the  bulk  of  the  heat  release  takes  place,  they  are  more 
symmetrical  about  the  mean  values.  For  the  dome 
recirculation  zones  they  show  broadened  peaks, 
indicating  equal  probabilities  of  a  wide  range  of 
temperatures  as  poorly-mixed  combustion  products  and 
unreacted  combustion  air  and  fuel  are  returned  together 
towards  the  dome  region  by  the  reverse-flow  velocities 
present.  The  isotherms  confirm  that  chemical  reaction 
does  take  place  in  this  recirculating  flow. 

Note  that  the  region  where  pdfs  are  shown 
represents  the  only  side-to-side  extent  of  this  plane 
where  the  measured  data  are  considered  to  be 
acceptable. 

Fig.  12  shows  the  fluctuating  temperatures, 
expressed  as  a  local  intensity.  As  might  be  expected,  the 
highest  temperature  intensities,  40  -  50  percent,  are 
encountered  on  the  centerline  of  the  fuel/air  jet  issuing 
from  the  injector,  and  in  the  flow  recirculated  back  to 
the  dome.  Intensities  in  the  insert  jets  are  about  30 
percent,  rising  to  36  -  38  percent  in  the  lobes  of  the 
dividing  fuel/air  injector  jet.  In  the  reverse  flow  region 
immediately  upstream  of  the  first  row  of  combustion  air 
jets  (where  the  highest  mean  temperatures  are  attained) 
the  intensities  are  30  percent  or  less.  Downstream  of  the 
second  row  of  combustion  air  jets  the  temperature 
fluctuations  increase  to  give  intensities  of  32  -  36 
percent,  reflecting  the  mixing  activity  that  might  be 
anticipated  from  Figs.  8  and  9. 
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Fig.  12:  Dimensionless  Turbulent  Fluctuations 
(RMS  Values)  of  Temperature 
on  the  Central  Horizontal  Plane 


Discussion 

The  conflicting  difficulties  of  achieving  a 
satisfactory  benchmark  test  case  in  reacting  flows  for 
practical  annular  combustor  geometries  that  have  any 
pretence  of  reality,  are  well -demons! rated  in  the  present 
work.  A  planar  configuration  is  necessary  to  provide 
adequate  optical  access  for  the  essential  non-intrusive 
laser  diagnostic  probing.  There  are  certain  compromises 
that  are  inherent  in  making  this  configurational  change 
to  the  combustor.  In  addition,  the  artificial  side-walls 
so-introduced  then  perturb  the  flows  near  to  them,  and 
do  so  for  significant  distances  normal  to  the  walls,  out 
into  the  reacting  flowfield,  causing  non-typical 
behavior.  To  minimize  this  effect,  a  large  number  of 
fuel  injectors  pitches  are  necessary,  four  as  a  minimum 
with  five  being  better.  However,  advantage  of  the 
increased  combustor  lateral  dimension  so  obtained 
cannot  be  taken  due  to  optical  distrubances  resulting 


from  the  extensive  turbulent,  reacting  near-field  through 
which  the  laser  beams  must  then  pass  in  order  to  reach 
the  central,  unperturbed  flow  region. 

With  due  care,  it  is  possible  to  obtain  flow 
field  measurements  that  are  reasonably  representative  of 
real  combustor  flow  (to  the  degree  that  a  planar 
combustor  can  be  considered  to  adequately  represent  an 
annular  combustor).  Such  results  can  certainly  be  of 
value  as  a  diagnostic  in  explaining  aspects  of  combustor 
behavior.  Their  value  as  a  database  for  evaluating 
combustion  modeling  in  CFD  codes  remains  to  be 
established. 

For  the  present  combustor,  three  separate 
approaches  have  been  used  to  describe  one  feature  of  its 
behavior:  1.)  Phenomenological  modeling  to  correlate 
LBO  data,  2.)  isothermal  CFD  analysis  of  an 
unperturbed  segment  of  the  flowfield  at  near-LBO 
conditions,  and,  3.)  CARS  measurements  of  a  narrow, 
but  representative  section  of  the  temperatures  in  the 
reacting  flow  at  near-LBO  conditions.  Each  of  the  three 
approaches  separately  yields  information  that  is 
remarkably  consistent  with  that  of  the  other  two 
approaches.  No  single  approach  on  its  own  provides  an 
adequate  picture  of  blowout.  Taken  together,  the  lean 
blowout  behavior  of  the  inside-out  recirculation  primary 
zone  is  extremely  well  described. 

Many  questions  have  been  answered,  but 
several  more  have  been  raised.  For  an  example  of  the 
answers,  the  saw-tooth  behavior  (Fig.  2)  of  the  lean 
stability  loop  as  peak  heat  release  rate  is  approached 
(seen  in  many  combustors)  is  explained  as  a  change  in 
the  flame  holding  mechanism  as  combustor  loading 
increases  above  critical  values.  For  just  two  examples  of 
the  new  questions,  how  much  air  is  recirculated  back  to 
the  dome,  and,  what  is  the  exact  role  of  the  insert 
swirler  air  jets  in  confining  the  fuel  injector  jet,  and,  in 
determining  the  coupling  with  the  first  row  of 
combustion  air  jets? 

It  is  apparent  from  the  information  presented 
for  this  combustor,  that  a  simple,  or  even  relative 
complex,  phenomenological  approach  to  modeling  LBO 
in  practical  combustors  is  doomed  to  failure.  The  flow 
behavior  even  in  the  few  geometric  variations  presented 
here  and  in  Ref.  7,  is  far  too  complex  to  permit  a  useful 
generalized  description  to  be  obtained. 
Phenomenological  modeling  will  only  be  useful  with 
practical  combustors  for  correlation  of  fairly  wide- 
ranging  experimental  data  sets  for  a  particular 
combustor,  or  for  a  family  of  similar  designs  with  only 
limited  geometric  variation.  In  this  capacity 
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phenomenological  modeling  can  make  a  useful 
contribution  in  combustor  development  of  a  particular 
design,  and  for  small,  incremental  design  or  scale 
changes  to  an  existing  combustor  configuration. 

For  an  a  priori  design  tool  it  is  abundently 
clear  that  a  CFD-based  approach  is  necessary  for  LBO. 
Unfortunately,  the  combustion  model  required  to  make 
this  realistic  is  a  major  stumbling  block  at  this  time;  for 
example,  see  Ref.  10.  Significant  research  is  necessary 
in  this  area. 

The  aerodynamic  and  combustion  close¬ 
coupling  of  the  fuel/air  jet  from  the  fuel  injectors  with 
the  first  row  of  combustion  air  jets  in  this  combustor 
illustrates  why  airblast-atomizing  fuel  injectors  have  to 
be  designed  in  close  co-operation  with  the  engine 
companies,  and  developed  in  conjunction  with  the 
combustor.  "Off-the-shelf"  and  "plug-in"  fuel  injectors 
of  this  type  are  now  virtually  items  of  the  past. 

The  general  primary  zone  characteristics 
revealed  in  this  simplified  gas  turbine  generic 
combustor  can  be  related  to  the  basic  flow  field 
established  and  studied  in  the  research  combustor7,  and 
the  fuel  injector  behavior  studied  separately  in  the 
technology  combustor6,  using  more  comprehensive 
diagnostics  in  both  instances.  The  information  gathered 
in  the  additional  combustors  greatly  assisted  in 
interpreting  the  present  results. 

The  CARS  temperature  measurements  confirm 
that  the  recirculated  partially-mixed  flow  of  hot 
combustion  products  and  reactants  back  to  the  dome  is 
important  in  providing  flame  stability.  However,  they 
reveal  the  major  role  played  by  the  reverse  flow  of  a 
small  but  important  quantity  of  first  row  combustion  jet 
air  directly  into  the  centers  of  the  otherwise  fuel-rich, 
swirling  axial  jets  from  the  airblast  fuel  injectors.  The 
blockage  to  the  injector  jets  established  by  the  colliding 
and  laterally-spreading  first  row  combustion  air  jets, 
then  produces  the  necessary  low  velocity  regions  that 
allow  flame-holding.  It  is  the  heat  release  associated 
with  these  flames  that  contributes  enthalpy  and 
chemically-active  species  to  the  between-injector  dome 
recirculation,  which  results  in  further  combustion  in 
this  dome  region. 

The  action  of  the  insert  swirler  individual  jets 
in  confining  the  mixture  from  the  injector,  increases  the 
coupling  of  the  injector  flow  to  that  of  the  first  row 
combustion  air  jets. 


Conclusions 

1.  Correlated  experimental  LBO  data  for  a  generic  gas 
turbine  combustor  have  been  presented  which  show  that 
the  prime  flame  holding  mechanism  can  change  as  the 
combustor  loading  increaes,  to  give  a  lean  stability 
characteristic  that  becomes  saw-tooth  in  shape  as  the 
condition  of  peak  heat  release  rate  is  approached. 

2.  The  primary  zone  flow  behavior  of  the  generic 
combustor,  due  to  its  basic  design,  is  such  that  the 
discharges  from  the  airblast  fuel  injectors  are  closely- 
coupled  with  the  first  row  of  combustion  air  jets,  and 
this  coupling  dominates  LBO  for  lower  values  of 
combustor  loading. 

3.  The  CFD  results  and  CARS  temperatures  show  that 
the  close-coupling  in  the  primary  zone  is  due  to 
excessive  confinement  of  the  discharge  from  the  airblast 
fuel  injectors  by  the  surrounding  insert-swirler  air  jets, 
and  by  the  severe  blockage  produced  by  the  penetration 
and  lateral  spreading  of  the  first  row  of  combustion  air 
jets. 

4.  The  difficulties  of  making  laser-based  measurements 
for  benchmarking  in  a  practical  combustor  configuration 
are  severe,  and  limit  the  extent  of  the  field  for  which 
reliable  data  can  be  obtained.  The  reliability  itself  is 
generally  determined  by  the  constancy  of  flows  within 
the  rig  over  the  lengthy  measurement  times  involved, 
rather  than  the  behavior  of  the  optical  and  electronic 
processing  systems. 

5.  The  best  approach  to  generalized  modeling  or 
calculation  of  LBO  lies  in  the  CFD  approach,  although 
this  will  require  combustion  models  that  are  beyond  the 
current  state-of-the-art. 
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APPENDIX  L 


DEADSPACE  MODELING 


L-1.0:  Introduction 

In  the  PW100  combustor,  application  of  the  measured  wall  temperatures  as  a  boundary 
condition  to  CFD  calculations  showed  the  existance  of  extremely  severe  radial  temperature  gradi¬ 
ents  at  the  wall  and  the  step.  These  gradients  suggested  that  wall-quenching  of  combustion  reactions 
might  be  important  in  this  combustor. 

Close  to  an  impervious  surface  the  luminosity  that  is  associated  with  visible  flame  does  not 
extend  completely  to  the  surface.  The  intervening  dark  region  is  known  as  the  deadspace.  Deadspace 
is  caused  by  quenching  of  chemical  reactions  due  to  heat  losses  to  the  wall  and  removal  of  active 
radicals,  a  sufficient  quantity  of  which  must  be  transferred  ahead  of  the  flame  if  propagation  is  to 
continue. 

Several  correlations  for  deadspace  exist  in  the  literature  [LI.];  however,  they  are  limited  in 
scope  and  are  inconvenient  to  use.  Therefore,  a  suitable  model  was  required  for  inclusion  in  the  CFD 
modeling  of  the  PW100  combustor.  For  this  reason  a  simplified,  more  general  correlation  of  wall 
deadspace  for  use  in  CFD  analyses  has  been  produced. 

Since  flame  quenching  affects  flame  propagation,  quenching  distances  are  frequently  deter¬ 
mined  by  the  minimum  tube  size,  or  minimum  distance  between  two  parallel  plates,  at  which  a  given 
fuel/air  mixture  will  only  just  not  flashback  into  the  incoming  mixture.  The  critical  tube  diameters 
and  critical  slit  widths,  the  quenching  distances,  so  determined  are  not  the  same,  but  are  related  by  a 
fixed  geometrical  factor  for  given  mixtures.  Given  the  dependency  on  flame  quenching,  a  reasonable 
definition  of  deadspace  might  seem  to  be  one-half  of  the  quenching  distance  as  determined  by  the 
parallel  plate  method.  Unfortunately,  actual  measurements  show  that  deadspace  is  usually  less  than 
this  distance.  Although  measurement  of  deadspace  is  complicated  by  uncertainties  associated  with 
defining  the  "edge”  of  the  flame,  it  should  not  be  unexpected  that  there  are  differences.  This  is  be¬ 
cause  the  measurement  of  quenching  distances  involves  prevention  of  flame  propagation,  while  the 
flame  is  still  propagating  for  true  deadspace  determinations. 

Unfortunately,  there  is  not  a  large  volume  of  experimental  data  available  for  true  deadspace 
[L2.] ;  on  the  other  hand,  there  is  a  large  amount  of  information  on  quenching  distance  in  the  literature 
[L3.].  Therefore,  for  the  present  purposes,  deadspace  is  taken  as  being  one-half  of  the  critical  slit 
quenching  distance.  This  is  a  conservative  assumption.  For  the  intended  application  this  is  not  a  seri¬ 
ous  supposition  either,  since  in  a  CFD  calculation  it  is  grid  distribution  near  the  walls  that  will  ulti¬ 
mately  determine  the  achievable  resolution  of  deadspace.  This  grid  spacing  at  walls  will  frequently 
be  greater  than  deadspace  distances. 
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L-2.0:  Data  Analysis 

Consider  the  temperature  distribution  in  the  gaseous  fuel/air  mixture  layer  near  and  flowing 

parallel  to  the  combustor  wall,  as  shown  in  Figure  L-l.  The  temperature  increases  from  »  on  the 

wall  to  * ,  the  flame  temperature,  at  distance  L  from  the  wall.  The  flame  heat  release  rate  is  assumed 
to  be  so  much  greater  than  the  heat  transfer  rate  through  the  wall  that  the  flame  temperature  may  be 
taken  as  that  of  the  adiabatic  flame.  The  distance  L  consists  of  two  elements:  the  reaction  zone  of 

thickness  8  ,  and  the  deadspace  d .  The  temperature  increases  through  the  deadspace  as  heat  is  con¬ 
ducted  and  diffused  into  it  from  the  reaction  zone,  until  the  mixture  temperature  reaches  a  critical 

T 

value.  The  critical  temperature  is  a  hypothetical  ignition  temperature  - ,  for  the  mixture.  After  the 
ignition  temperature  is  attained,  the  gas  temperature  increases  rapidly  in  almost  linear  fashion  to 
T 

reach  », 

A  chemical  ignition  delay  time  ^ ,  for  the  deadspace  can  be  expressed  in  Arrhenius  form,  i.e., 

A  exp(±E  !  RTt) 

Pn  A  L-l 

where:  A  =  pre-exponential  rate  constant 
E  =  activation  energy 

R  =  universal  gas  constant 
n  =  apparent  reaction  order 

If  *  is  written  as  d  f  S ,  where  S  is  an  appropriate  propagation  velocity, 

dPn  =  AS  exp(±E/R  T) 
or, 

ln(dF)=B+(±E/RT)  L2 

In  the  deadspace,  quenching  reduces  S  to  the  local  flow  velocity  V .  in  a  boundary  layer, 
VR  0  as  the  wall  is  approached,  so 


In (dPn)R±E/R  T. 


L-3 


T  R  T 

For  most  hydrocarbons  burning  in  air  as  lean  mixtures,  1  b  [L4].  Taking  this  condition 
results  in  the  maximum  reaction  speed.  Thus,  for  correlation  of  data  for  a  given  mixture. 


dP"  =  f(Tb) 


L-4 


The  reaction  order n ,  would  be  expected  to  be  around  unity  [L5.].  The  temperature  ^  is  tak¬ 
en  as  the  adiabatic  flame  temperature,  and  this  was  calculated  from  the  equilibrium  chemistry  com¬ 
puter  code  EQLBRM  [L6.]. 
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Figure  L-1 .  Temperature  Distribution  for  a  Flame  Near  an  Impermeable  Wall 


L-3.0:  Experimental  Data 

In  Reference  L3  are  contained  narrow  slit  quenching  data  for  propane/oxygen/nitrogen  sys¬ 
tems.  The  conditions  covered  are  as  follows: 

(i)  Propane/air  at  atmospheric  pressure  for  inlet  temperatures  of  300-558K  over 
equivalence  ratios  from  0.70-1.4. 

(ii)  Propane/air  at  297K  inlet  temperature  for  pressures  from  0.08-1 .0  atm. 
over  equivalence  ratios  from  0.7- 1.4. 

(iii)  Stoichiometric  mixtures  of  propane/oxygen/nitrogen  with  mole  fractions 
of  oxygen  from  0.17  (excess  nitrogen)  to  0.70  (excess  oxygen),  at  300K 
inlet  temperature,  and  pressures  of  0.25  and  0.40  atm. 

These  data  almost  completely  cover  all  the  necessary  conditions  for  the  PW100  combustor. 

In  addition,  there  were  quenching  data  at  one  atmosphere  pressure  and  373K  inlet  tempera¬ 
ture  for  benzene,  iso-octane  and  n-heptane/air  mixtures  over  equivalence  ratios  from  0.7-1. 7. 
These  data  were  examined  also  to  ascertain  the  generality  of  the  propane  data  correlation. 

For  all  cases,  the  deadspace  was  taken  as  equal  to  one-half  of  the  measured  quenching  dis¬ 
tance. 

L-4.0:  Results  of  Correlation  Studies 

For  propane,  the  pressure  dependency  was  determined  from  Data  Set  (ii)  above.  The  appar¬ 
ent  reaction  order  "n  ”  was  found  to  be  0.82,  slightly  less  than  the  value  of  unity  anticipated  on  the 
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basis  of  autoignition  [L5].  Similar  values  are  quoted  in  the  literature  [L3.].  Use  of  the  adiabatic  flame 
temperature  for  ignition  temperature  may  account  for  some  of  the  apparent  reduction  in  reaction  or¬ 
der.  This  is  because  there  is  a  small  pressure  effect  accounted  for  in  the  calculation  of  adiabatic  flame 
temperature. 

Figure  L-2  shows  the  collected  propane  data  correlated  in  the  form  indicated  by  Equation 
L-4.  The  higher  values  of  flame  temperature  shown  arise  from  Data  Set  (iii)  for  mixtures  with  excess 
oxygen.  The  exponential  character  of  the  correlation  is  obvious,  with  deadspace  tending  towards  a 
constant  value  for  very  high  flame  temperatures.  In  Figure  L-3,  a  blowup  of  Figure  L-2  is  shown  for 
the  PW200  combustor  working  region.  The  correlation  for  the  collected  data  is  seen  to  be  most  satis¬ 
factory.  Note  that  Figures  L-2  and  L^3  both  contain  data  for  all  the  fuel-lean  and  fuel-rich  propane 
mixtures  measured. 

The  results  at  atmospheric  pressure  for  the  fuels  other  than  propane  are  shown  in  Figure  L-4. 
In  this  plot  it  can  be  seen  that  each  fuel  results  in  a  distinct  loop,  i.e.  the  deadspaces  at  a  given  flame 
temperature  depend  on  whether  or  not  the  mixture  is  fuel-rich  or  fuel-lean.  This  is  unlike  the  pro¬ 
pane  behavior.  For  fuel-rich  mixtures  and  for  all  three  fuels,  the  deadspace  is  roughly  constant  at 
about  1.00  mm  for  flame  temperatures  from  2400  to  1800K,  increasing  slightly  as  temperature  de¬ 
creases.  For  the  fuel-lean  mixtures,  deadspace  decreases  with  increasing  flame  temperature  at  about 
the  same  rate  as  for  propane,  but  is  slightly  different  for  each  fuel. 
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Figure  L-2.  Correlation  of  Deadspace  Data  for  Propane  Over  a  Wide  Range  of 
Operating  Conditions  for  Propane/Oxygen/Nitrogen  Systems 
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Figure  L-3.  Enlargement  of  Figure  L-2  for  Variable  Range  of  Interest  In  the  PW1 000 
Combustor  at  Blowout 
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Figure  L-4.  Reason  for  Failure  of  Simple  Correlation  for  Several  Fuels  Other  Than  Propane, 

Burning  In  Air  at  Atmospheric  Conditions 
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L-5.0:  Discussion  of  Results 


The  relationship  used  for  correlating  the  experimental  data,  Equation  L^t,  is  strictly  for 
fuel-lean  mixtures,  and  is  specific  for  a  given  mixture.  It  should  not  be  surprising  therefore,  that  Fig¬ 
ure  L-4  is  as  it  is.  What  is  surprising  is  that  Figures  L-2  and  L-3  show  such  good  correlation  of  both 
fuel-rich  and  fuel-lean  propane  mixutres.  The  shapes  of  the  adiabatic  flame  temparture  curves  are 
the  same  for  each  fuel  (Figure  L-5  at  300K  initial  temperature).  The  fuel-dependent  difference  lies 
in  the  shape  of  the  curves  for  deadspace  with  equivalence  ratio.  For  propane,  this  curve  has  the  same 
symmetry  with  equivalence  ratio  as  does  flame  temperature.  For  the  other  fuels,  this  symmetry  does 
not  exist.  The  implications  of  this  observation  follow  from  Equation  L-3,  i.e.  the  effective  activation 
energies  for  deadspace  are  different  for  different  hydrocarbon  fuels,  and  the  fuel-lean  and  fuel-rich 
mixtures  of  these  fuels  in  air. 

A  more  rigorous  analysis  of  the  experimental  data  is  necessary  to  obtain  a  generalized  plot 

for  any  hydrocarbon  fuel.  For  each  fuel,  a  plot  of  the  logarithm  of  )  against  the  reciprocal  of 
flame  temperature  (an  Arrhenius  plot)  would  enable  the  effective  activation  energy  to  be  determined 
from  the  resulting  straight  line  that  could  be  drawn  through  the  measured  data.  This  would  be  re¬ 
quired  for  rich  and  lean  mixtures  separately.  Correlation  of  the  collected  data  could  then  be  at¬ 
tempted  on  the  basis  of  Equation  L-3. 

Figure  L-6  is  an  Arrhenius  plot  for  the  propane/air  data  at  300K  inlet  temperature  and  atmo¬ 
spheric  pressure;  both  lean  and  rich  points  are  shown.  A  very  satisfactory  straight  line  results,  from 
which  the  effective  activation  energy  was  found  to  be  19.416  kcal/gmol.  This  can  be  compared  with 
generally  accepted  values  from  the  literature  for  the  combustion  of  propane  in  air  [L7.]  of  27.8  kcal/ 
gmol  for  lean  mixtures  and  26.592  kcal/gmol  for  rich  mixtures.  A  similar  plot  for  n-heptane  is  con¬ 
tained  in  Figure  L-7,  where  it  can  be  seen  that  separate  straight  lines  do  exist  for  the  fuel-lean  and 
fuel-rich  region,  just  as  was  speculated.  The  appropriate  effective  activation  energies  were  found  to 
be  17.154  kcal/gmol  and  4.671  kcal/gmol,  respectively. 

Lower  activation  energy  values  that  are  closer  to  the  apparent  19.416  kcal/gmol  found  pres¬ 
ently,  have  been  reported  for  some  of  the  chain  reactions  involved  in  proposed  reaction  mechanisms 
for  the  oxidation  of  propane,  e.g.  15.0  kcal/gmol  [L8.]  for  the  reaction  of  CO  with  OH.  Since  the 
deadspace  arises  due  to  both  thermal  losses  and  active  radical  losses  at  the  wall,  the  effective  activa¬ 
tion  energy  might  well  be  related  to  that  of  the  individual  chain  reaction  steps  that  are  broken  by 
quenching.  Stringer  et.  al.  [L9.],  in  studies  of  autoignition  of  liquid  fuel  sprays  in  flowing  systems  at 
elevated  pressures  and  temperatures,  reported  apparent  activation  energies  for  the  ignition  delay  of 
lean  mixtures  of  n-heptane  of  1 4. 1 89  kcal/gmol.  This  is  close  to  the  present  value,  but  below  that  of 
40  kcal/gmol  given  for  stoichiometric  mixtures  of  n-heptane  in  air  in  Reference  L10. 

When  the  individual  rate  constants  for  each  fuel/air  mixture  are  determined  separately, 
through  plots  like  Figures  L-6  and  L-7,  the  generalized  plot  shown  in  Figure  L-8  can  be  drawn  for 
lean  mixtures  in  air  at  atmospheric  pressure  of  n-heptane,  iso-octane  and  benzene,  and  for  rich  and 
lean  mixtures  of  propane  in  atmospheric  pressure  air.  An  excellent  linear  correlation  results.  The 
data  are  represented  by  the  equation: 


dP° 82  =  0.99872  exp(£7R  Tb  +  B)+  0.006173 


L-5 


with  a  correlation  coefficient  of  0.99925,  and  where  d  [s  the  deadspace  in  ft.,  P  is  the  pressure  in 
lb  I  ft2  T 

1  >  b  is  the  adiabatic  flame  temperature  in  K,  and  R  is  the  universal  gas  constant, 

1. 986  cal  /  gmol  K  y^g  rate  cons^^  e  and 

B  are  related  to  hydrocarbon  fuel  type  through  the  structure  of  the  fuel  molecule  as  represented  by 
the  number  of  carbon  atoms  it  contains.  Figure  L-9  shows  the  dependency  of  the  reduced  rate 
constants  ( E  /  Epropane  and  B!  Bpmpaiu  )  on  the  fuel  molecule.  For  propane.  Figure  L^6  yields, 


£=  19.4166  kcallgmol 
B  =  ±3.5641  ft. lb f  I  ft2 


i  Figure  L-5.  Adiabatic  Flame  Temperatures  at  Atmospheric  Pressure  and  300K  Inlet 

Temperature  for  Propane,  n-Heptane,  Iso-octane  and  Benzene  In  Air 
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Figure  L-6.  Arrhenius  Plot  for  Deadspace In  Propane/Air  Mixtures  Burning  at  300K 
Initial  Temperature  and  Atmospheric  Pressure  (Rich  and  Lean  Mixtures) 
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Figure  L-7.  Arrhenius  Plot  for  Deadspace  In  n -Heptane/Air  Mixtures  Burning  at  300K 

Initial  Temperature  and  Atmospheric  Pressure  (Rich  and  Lean  Mixtures) 
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Figure  L-8.  Deadspace  Correlation  Plot  for  Combustion  In  Air  of  Propane,  n-  Heptane, 

Iso -octane  and  Benzene  at  300K  Initial  Temperature  and  Atmospheric 
Pressure  (Lean  Mixtures  Only,  Except  for  Propane) 


Figure  L-9.  Dependency  of  Reduced  Rate  Constants  on  Hydrocarbon  Molecule 
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L-6.0:  Test  of  Relationship 

The  validity  of  Equation  L-5  was  tested  against  some  lean  methane/air  data  at  atmospheric 
pressure  and  300K  initial  temperature  [LI  1]  and  some  lean  butane/air  data  at  300K  initial  tempera¬ 
ture  and  pressure  of  1.0, 0.081  and  0.125  atm.,  [L12.].  The  methane/air  data  are  based  on  parallel 
plate  quenching,  and  the  butane/air  data  are  based  on  burner  rim  quenching  together  with  true  dead- 
space  quenching.  In  Reference  L2,  it  was  shown  experimentally  that  wall  deadspace  is  about  One- 
half  the  rim  deadspace  for  lean  mixtures,  and  theoretically  that  wall  deadspace  is  approximately 
one-quarter  the  parallel  plate  quenching  distance.  For  consistency,  all  data  were  corrected  to  parallel 
plate  quenching  distances  using  these  relationships. 

Figure  L- 10  is  a  correlation  plot  for  the  calculated  versus  measured  deadspaces  for  the  meth¬ 
ane/air  and  butane/air  data.  The  accuracy  achieved  is  satisfactory. 

Figures  L-8  and  L- 10  together  establish  the  efficacy  of  the  simplified  (but  convenient)  cor¬ 
relation  shown  in  Figures  L~2  and  L3  for  propane/oxygen/nitrogen  mixtures. 
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Figure  L-1 0.  Accuracy  of  Deadspace  Prediction  for  Methane/Air  at  Atmospheric 
Pressure,  and  Butane/Air  at  Atmospheric  and  Sub -Atmospheric  Pressures 
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